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1 
Abstract 
 
Advances in reverse osmosis (RO) technology are making it a practical and affordable 
way to produce high quality recycled water due to its good and reliable purification 
performance. Consequently, recycling municipal effluent by RO is gaining increasing 
attention as a strategy for conserving limited fresh water resources. However, a major 
drawback of RO is the production of RO concentrate (ROC), usually accounting for 
15-20% of the input stream. ROC produced from municipal effluent may contain a 
high level of organic pollutants, some of which are toxic and bio-accumulative. 
Consequently, ROC poses a threat to the environment and therefore must be treated to 
reduce or even eliminate the negative impact associated with the organic pollutants. 
 
UV/H2O2-based advanced oxidation processes (AOPs) are a promising technique for 
removing the organic pollutants due to the production of highly oxidising •OH which 
can non-selectively oxidise the organics, eventually converting them to CO2. 
UV/H2O2-based AOPs have the advantages of easy operation, ambient reaction 
conditions and low-cost reagent. Therefore, UV/H2O2 processes were used in this 
research to treat ROCs produced from municipal effluents. The first objective was to 
test the feasibility of using UV/H2O2 processes on the ROCs produced from different 
sources. The second objective was to investigate the effects of several parameters (UV 
wavelength, pH and salinity) on the removal of organics and the biodegradability of 
the remaining organics after UV/H2O2 treatment. 
 
Three ROCs produced from three municipal effluents with different properties were 
treated by UVC/H2O2 processes. UVC irradiation alone was not sufficient to achieve 
satisfactory removal of the organics (less than 20% of COD) in the three ROCs. 
Coupling H2O2 with UVC irradiation greatly enhanced the oxidation performance. 
The reduction in absorbance at 254 nm (A254) and colour of the three ROCs was much 
faster than in chemical oxygen demand (COD) and dissolved organic carbon (DOC). 
Complete decolourisation of the three ROCs was usually achievable by UV/H2O2 
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processes. The COD reduction followed a pseudo first-order reaction for the first 30 
min and then followed a different reaction mechanism because the H2O2 concentration 
was insufficient to produce a steady concentration of •OH due to its consumption. For 
a particular ROC type, the COD reaction rate constant increased proportionally with 
increasing H2O2 dose up to a certain value (2 or 4 mM depending on the ROC type), 
above which quenching by excess H2O2 occurred. Although DOC concentration for 
the three ROCs was comparable (20-21 mg/L), slower oxidation of the organics was 
observed in the ROC with higher salinity, alkalinity and COD/DOC ratio. This was 
attributed to the hydroxyl radical scavenging effects of CO32-/HCO3- and the 
inherently less oxidisable organic compounds. 
 
The three ROCs had low biodegradability (~10% of the DOC measured as 
biodegradable dissolved organic carbon (BDOC)) prior to the UV/H2O2 process. UVC 
alone doubled the biodegradable content after either 2 or 3 h for the three ROCs. With 
the same irradiation time, UVC/H2O2 treatment increased the biodegradability of the 
remaining organics 2.6-6.7 times, depending on the type of ROC and H2O2 dose. 
However, some DOC in the three ROCs (from 10% to 20%) was not converted to 
BDOC under the conditions used. The highest DOC removal after the sequential 
UVC/H2O2-BDOC process for the three ROCs was 78-93%, depending on the ROC 
source, corresponding to a residual DOC of less than 5 mg/L. 
 
Although VUV irradiation could produce •OH via water photolysis, given the same 
reaction conditions VUV/H2O2-BDOC achieved only slightly better removal of the 
organics (5% more DOC) from the ROC than UVC/H2O2-BDOC, consequently, it 
was not studied further. 
 
The final DOC removal from the ROC derived from Western Treatment Plant after 2 
h UVC/3 mMc H2O2 process followed by increased from 69% to 90% when the pH 
was decreased from 10 to 4. However, the salinity was found to only marginally affect 
the oxidation performance. Although initial DOC concentration of the ROC was 
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increased to from 21 mg/L to 30 mg/L, 2 h UVC/3 mM H2O2 followed by BDOC 
could still reduce the DOC to 5.4 mg/L, corresponding to 82% removal of DOC. 
 
Excitation emission matrix spectra indicated that the fluorescent organics in the three 
ROCs were mainly humic acid-like and fulvic acid-like compounds. The fluorescence 
of those compounds was rapidly and progressively reduced by •OH. Liquid 
chromatography with organic carbon detection revealed a decreasing trend for both 
the average molecular weight and the degree of conjugation of the organics in the 
ROC during the UVC/H2O2 process. This was accompanied by enhancement of the 
biodegradability of the organic compounds. 
 
The potential health risks associated with the organics in the ROC before and after the 
UVC/H2O2 or UVC/H2O2-BDOC treatment were assessed by Microtox tests and 
trihalomethane formation potentials (THMFP). No toxicity was detected by Microtox 
tests for both the untreated and treated ROC. However, UVC irradiation with 3 mM 
H2O2 increased the THMFP from 1.22 to 1.51 mg/L at 30 min which then decreased 
to 1.2 mg/L at 75 min. The THMFP of the irradiated samples after 30 and 75 min was 
further reduced to 1.2 and 0.86 mg/L, respectively, after BDOC treatment. 
 
The production of biodegradable intermediates was limited after 30 min UVC/H2O2 
treatment. This was associated with the depletion of the conjugated and fluorescent 
compounds as A254 and fluorescence were inversely correlated with the 
biodegradability of the remaining organics. The electrical energy per order (EE/O) 
value showed that the energy efficiency of the UVC/H2O2-BDOC treatment was 
decreased after 30 min, although preliminary calculations of energy requirements 
indicated that the UVC/H2O2-BDOC process was potentially suitable for practical 
application. Hence, with further research and development, UV/H2O2 followed by 
biological treatment may be a practical option for treating ROC produced from 
municipal effluent. 
4 
1. Introduction 
 
In the 1950s, researchers successfully produced fresh water by pressurising the 
concentrated solution through a semi-permeable membrane (Figure 1-1), which 
marked the birth of an innovative water purification technology - reverse osmosis 
(RO). Technically, RO membrane can reject all the impurities and thus high quality 
product water can be produced. Presently, RO is becoming more affordable and 
reliable due to the rapid and consistent development of membrane science and 
associative equipments (Brady et al., 2005). Consequently, RO seems to be a solution 
for the water scarcity resulting from more erratic and decreasing rainfall, and rapid 
population growth in many regions of the world. 
 
  
Figure 1-1. Schematic description of reverse osmosis (Kremen, 1975). 
 
Wastewater reuse is now increasingly emphasised as a strategy for conservation of 
limited fresh water resources. One of the promising approaches is the utilisation of 
RO to recycle biologically treated municipal effluent. The high quality product water 
is suitable for non-potable or in-direct potable use with proper treatment. The 
advantages and feasibility of this concept have been reported by two recent works 
(Tam et al., 2007; Dialynas and Diamadopoulos, 2009). 
 
5 
Due to the increasing osmotic pressure and scaling problem, it is impossible to reach 
100% water recovery. Consequently, usually 15-20% of the input stream becomes RO 
concentrate (ROC), which may contain high concentrations of organic and inorganic 
pollutants. The elevated concentration of organic pollutants in ROC may lead to 
serious damage to the local receiving environment because some of them have been 
reported to be toxic and bio-accumulative (Shon et al., 2006b), meaning that 
biological treatment may be ineffective for treating those organic pollutants in ROC. 
Hence, direct disposal is not a sustainable option due to both increasing 
environmental awareness and stricter regulations. Consequently, proper management 
for the ROC is urgently needed to reduce or even eliminate the negative impact 
associated with the organic pollutants in ROC. 
 
Advanced oxidation processes (AOPs) are a promising technique for treating various 
recalcitrant organic compounds (Gogate and Pandit, 2004b). The •OH produced by 
AOPs possesses the second highest oxidation potential (2.80 V), which is only 
slightly lower than the strongest oxidant - fluorine (Table 1-1). It is well known that 
•OH can non-selectively oxidise organic molecules, eventually converting to CO2. 
 
The AOPs include Fenton’s reagent, UV-based AOPs, ozone, ultrasonic, 
electro-oxidation and supercritical water oxidation (SWCO). To date, most studies on 
the AOPs focus on the treatment of drinking water and domestic or industrial 
wastewater. The studies of AOP treatment for treating organic pollutants in ROC 
produced from municipal effluent are limited. Therefore, in this study, the UV/H2O2 
process was evaluated for treating the ROC produced from municipal effluent because 
H2O2 has infinite solubility in water and is commercially available. Moreover, 
operation of UV/H2O2 processes is easy and under ambient conditions. 
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Table 1-1. Oxidation potential of common oxidant species (Legrini et al., 1993). 
 
Species Oxidation potential (V) 
Fluorine 3.03 
Hydroxyl radical 2.80 
Atomic oxygen 2.42 
Ozone 2.07 
Hydrogen peroxide 1.78 
Perhydroxyl radical 1.70 
Permangenate 1.68 
Hypochlorous acid 1.49 
Chlorine 1.36 
 
The aim of this project was to investigate the effects of different parameters on 
UV/H2O2 treatment for the ROC, including different effluent sources, H2O2 dosage, 
UV wavelength, pH, salinity, initial concentration of organic pollutants, H2O2 dosing 
method and irradiation time. 
 
Chapter 2 is the literature review which contains discussion of the health hazards and 
risks of the major organic pollutants in ROC, and different influential parameters for 
UV/H2O2-based AOPs, followed by a review on the current research for treating ROC 
produced from municipal effluent. 
 
Chapter 3 describes the materials and methods employed in this study. Firstly, the 
photo-reactor and UV lamps are introduced followed by the apparatus and procedure 
for preparing the ROC. Materials and methods for analyses are then described in 
detail. The determination for the intensity of the UVC and VUV lamp is also covered. 
Lastly, a description for a typical UV experiment is present. 
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The preliminary study and the comparison of the organic removal in the ROC 
produced from different effluent sources by the UV/H2O2 process are presented in 
Chapter 4. Chapter 5 covers the investigation of the effects of various parameters, 
including UV wavelength, pH, salinity, initial concentration of organic pollutants, 
H2O2 dosing method and irradiation time, for the UV/H2O2 treatment of the ROC 
produced from one effluent source. Chapter 6 contains the conclusions & 
recommendations for this study. 
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2. Literature Review 
 
The nature of organic pollutants in ROC has not been well explored resulting in 
scarce information on their properties and associated hazards and risks (Ng et al., 
2008). However, a useful approach is to look at the properties of organic pollutants in 
municipal secondary effluent since ROC is basically concentrated municipal 
secondary effluent. The organic pollutants in municipal secondary effluent have been 
widely and systematically studied. In Section 2.1, the major organic pollutants in 
municipal secondary effluent are categorised, and discussion of their origin and 
associated hazards and risks is presented in Section 2.2. A brief summary of the 
characteristics of ROC reported in the existing literature is provided in Section 2.3. A 
general discussion on different types of AOPs is located in Section 2.4. A review on 
the current development of UV/H2O2 processes for treating the organic pollutants in 
wastewater is presented in Section 2.5. Section 2.6 highlights and discusses the 
treatment of ROC by various processes. A summary of the literature review is 
provided in Section 2.7 and the rationale for the project is covered in Section 2.8. 
 
2.1 Organic Pollutants in Municipal Secondary Effluent 
Municipal wastewater is generated from many sources including residential, 
commercial and industrial areas. Thus, it contains a wide range of organic pollutants. 
The wastewater is usually treated in wastewater treatment plants (WWTPs) where 
preliminary, primary and secondary treatments are carried out. The preliminary 
treatment removes coarse and floating inorganic particles (e.g., sand and grit) using 
screens and grit chambers. Then particles from 0.1 mm to 35 μm are separated by 
sedimentation in primary treatment using sedimentation tanks or clarifiers (Shon et al., 
2006b). Secondary treatment utilises bacterial degradation (e.g., activated sludge or 
lagoon treatment) to remove the oxygen-demanding organic pollutants. However, the 
biological process introduces new organic pollutants into the effluent such as soluble 
microbial products and extracellular polymeric substances, which may be toxic (Shon 
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et al., 2006b). Furthermore, there is an increasing occurrence of artificially 
synthesised organic compounds (endocrine disrupting compounds (EDCs) and 
pharmaceuticals and personal care products (PPCPs)) in municipal secondary effluent 
(Lee et al., 2004; Khan et al., 2004; Bendz et al., 2005; Lindqvist et al., 2005; Shon et 
al., 2006b; Al-Rifai et al., 2007) which may cause significant environmental and 
health problems without appropriate management.  
 
It is difficult to make an exhaustive list for the organic pollutants because of the high 
randomness of the organic structures. However, different organic substances can be 
classified according to their functional groups and major chemical structures. The 
major organic pollutants found in municipal secondary effluent may be categorised as 
listed as below: 
 
 Humic substances 
 Extracellular polymeric substances and soluble microbial products 
 Proteins 
 Carbohydrates 
 Fat, oil and grease 
 Surfactants 
 EDCs and PPCPs 
 
Their origin and associated hazards and risks are discussed in the next Section. 
 
2.2 Sources, Hazards and Risks of Organic Pollutants 
2.2.1 Humics 
According to Shon et al., (2006a), three subclasses of humic substances can be 
defined on the basis of their solubility: 1) humins, 2) humic acids, and 3) fulvic acids. 
As described by Shon et al. (2006a), the first subclass is chiefly allochtonous in origin 
and washed into aquatic systems by runoff or percolating water as fine insoluble 
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particles. Humic acids are intermediate between humins and fulvic acids, soluble 
above pH 2, and contain fewer aromatic rings and more carboxylic groups than 
humins. Many fulvic acids have a low molecular weight, usually from 600 to 1000 
daltons, and have fewer aromatic rings but more carboxylic groups. They are soluble 
in water regardless of the pH conditions (Shon et al., 2006a). Humic substances have 
low toxicity as they are natural organics (Thiel et al., 1981). However, some humic 
substances are the precursor for disinfection by-products (DBPs), including 
trihalomethanes and haloacetic acids, during the chlorination process (Bull and 
Kopfler, 1991). Moreover, they may produce unpleasant colour and odour in the water 
(Ratnaweera et al., 1999). 
 
2.2.2 Extracellular Polymeric Substances and Soluble Microbial Products 
This type of organic matter is produced from bacterial metabolism during secondary 
treatment, and generally enters water through cell lysis, diffusion through the cell 
membrane or excretion (Rittman and McCarty, 2001). Hence the presence of these 
organics in municipal secondary effluent is inevitable. According to Shon et al. 
(2006b), a large proportion of effluent COD is contributed by this group of organic 
compounds. Rittmann et al. (1987) reported that mutagenic response was higher for 
municipal secondary effluent than for primary effluent, and so there is increasing 
concern regarding the toxicity of these organics. 
 
2.2.3 Proteins 
The chemical structures of protein are complex and unstable, so protein is very easily 
decomposed via many different ways (Shon et al., 2006b). In addition, some soluble 
microbial products produced during secondary treatment are comprised of proteins 
and amino acids. Because of its high content of nitrogen, about 16%, protein is the 
major source of organic nitrogen in municipal secondary effluent (Shon et al., 2006b). 
Organic nitrogen can be the precursor for nitrogenous DBPs, which pose potential 
health risks (Bolto et al., 2004). 
 
11 
2.2.4 Fat, Oil and Grease (FOGs) 
FOGs are regarded as the third most abundant compounds in municipal secondary 
effluent (Shon et al., 2006b). They come from the commodities used for domestic life 
such as butter, lard, margarine, vegetable oils and a relatively small amount of mineral 
oils. FOGs can be considered as fatty acids and almost all are digested during 
biological treatment with a removal efficiency of 98% to 100% (Shon et al., 2006b). 
The only exception is fatty acid +20:4ω6, which undergoes 93% degradation and 
comes from non-degraded lipids of the wastewater (Dignac et al., 2000). Due to the 
lower density in comparison with water and high hydrophobicity, if these compounds 
were discharged to a receiving water, a FOG film will be formed in the surface layer, 
which will interfere with the ecology of the water body and create an unsightly 
appearance due to floating matter and films (Shon et al., 2006b). 
 
2.2.5 Surfactants 
The hydrophilic and hydrophobic functional groups of surfactants make them very 
useful for household and industrial cleaning. A wide range of these products (e.g., 
shampoo, toothpaste, shaving foams and bubble baths) is now being manufactured 
and consumed, resulting in increasing occurrence of these organics in municipal 
secondary effluent. Surfactants can be classified into three types: anionic, cationic and 
non-ionic. Their respective properties and toxicities have been summarised by Ikehata 
and El-Din (2004) as presented in Table 2-1. Some surfactants have been proven to be 
bio-resistant and some to be toxic (Ikehata and El-Din, 2004). Therefore, in order to 
prevent damage to the aquatic environment, their removal from municipal secondary 
effluent is necessary before its disposal. 
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Table 2-1. Properties and toxicity of three classes of surfactants (Ikehata and El-Din, 2004) 
Type Properties Toxicities 
Anionic 
(e.g., linear alkylbenzene 
sulfonates (LASs), 
alkylbenzene sulfonates 
(ABSs), aliphatic sulfonates, 
fatty alcohol sulfates and 
acohol ether sulfates.) 
 Excellent detersive property and low cost. 
 Become bioresistant when at high concentration. 
 LASs are biodegradable to aerobic process but 
refractory to anaerobic process. 
 Toxicity of LASs increases with increasing number of 
carbon atoms in the alkyl chain. 
 Accumulation in digested sewage sludge. 
 LASs are toxic to aquatic organisms (e.g., midge 
Chironomus riparius, fathead minnow Pimephales 
promelas, marine microalgal species) as interfere 
with their hormonal system  
 The biodegradation products (mainly sulfophenyl 
carboxylates, carboxylic acid) are less toxic and 
have less estrogenic activities than LASs but are 
persistent in the water. 
Cationic 
(e.g., alkyl 
trimethylammonium, alkyl 
benzyldimethylammonium, 
dialkyl dimethylammonium 
and alkyl dimethylamine 
oxides.) 
 Strongly absorbed by particulate matter and negatively 
charged in water, therefore anaerobic process is more 
important. 
 Most contain quaternary ammonium functional group. 
 Both aerobic and anaerobic biodegradability are related 
to the molecular structure and some are not 
biodegradable. 
 
 The toxicity of some types of QASs increases with 
increasing length of the alkyl chain. 
 Alkyl QASs are more toxic than anionic and 
non-ionic surfactants to fathead minnow cells, 
rainbow trout gill epithelial cells and Daphnia 
magna. 
 
Non-ionic 
(i.e., alkylphenol ethoxylates 
(APEs) and fatty alcohol 
ethoxylates (AEs)) 
 APE or AE products are normally a mixture of those 
molecules with different lengths of polyethoxylate chain
 Primary biodegradation to form alkylphenols is faster 
than ultimate biodegradation and the primary products 
are often found in activated sludge because of their 
affinity for particulate matter. 
 The toxicity of APEs to aquatic organisms 
increases with decreasing polyethoxylate chain 
length. Hence the nonethoxylated alkylphenols are 
the most toxic as well as environmentally 
persistent. 
 Weak estrogenic activities.  
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Table 2-2. PPCPs and EDCs found in municipal secondary effluent (Barceló, 2003) 
Compound Class Examples 
Pharmaceuticals  
Veterinary and human 
antibiotics 
Trimethoprim, erythromycin, lincomycin, 
sulfamethoxazole 
Analgesics and 
anti-inflammatory drugs 
Codeine, ibuprofen, acetaminophen, acetylsalicylic 
acid, diclofenac, fenoprofen 
Psychiatric drugs Diazepam 
Lipid regulators Bezafibrate, clofibric acid, fenofibric acid 
β-blockers Metoprolol, propranolol, timolol 
X-ray contrast media Iopromide, iopamidol, diatrizoate 
Steroids and hormones 
(contraceptives) 
Estradiol, estrone, estriol, diethylstilbestrol 
Personal care products  
Fragrances Nitro, polycyclic and macrocyclic musks 
Sun-screen agents Benzophenone, methylbenzylidene camphor 
Insect repellents N,N-diethyltoluamide 
Antiseptics Triclosan, chlorophene 
Surfactants and surfactant 
metabolites 
Alkylphenol ethoxylates, alkylphenols (nonylphenol 
and octylphenol), alkylphenol carboxylates 
Flame retardants 
Polybrominated diphenyl ethers (PBDEs), Tetrabromo 
bisphenol A, Tris(2-chloroethyl)phosphate 
Industrial additives and 
agents 
Chelating agents (EDTA), aromatic sulfonates 
Gasoline additives Dialkyl ethers, Methyl-t-butyl ether (MTBE) 
Disinfection by-products 
Iodo-THMs, bromoacids, bromoacetonitriles, 
bromoaldehydes, cyanoformaldehyde, bromate, 
NDMA 
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2.2.6 EDCs and PPCPs 
Since 2000, about fourteen million synthetic organic compounds and thousands more 
new compounds are being produced each year (Al-Rifai et al., 2007). As a result, 
there is an increasing concern regarding the presence of trace concentrations (<μg/L) 
of this group of compounds in municipal secondary effluent due to their toxicity and 
potential for disrupting the endocrine systems of animals, even at very low 
concentrations (Snyder et al., 2005). PPCPs enter WWTPs via human excretion and 
associated activities or rinsing them from bodies during bathing. EDCs in WWTPs 
originate from a wide range of sources such as plant materials, paints, plastics, 
flame-retardant materials, cleaning products and pesticides (Snyder et al., 2005). Most 
of the EDCs and PPCPs are more polar than traditional contaminants and the majority 
have acidic or basic functional groups. As they occur at trace levels, these compounds 
introduce challenges for both analytical detection and removal processes (Snyder et 
al., 2003). Some of these organic micro-pollutants (e.g., 17α-ethinylestradiol; EE2, 
bisphenol-A and 4-tert octylphenol) in municipal secondary effluent can impact fish at 
ng/L concentrations (Jobling et al., 2003; Snyder et al., 2004; Parrott and Blunt, 2005). 
Table 2-2 lists some examples of PPCPs and EDCs detected in municipal secondary 
effluent. Several studies indicate that the removal efficiency of these compounds by 
biological treatment is low (Daughton and Ternes, 1999; Tixier et al., 2003). There is 
little information available about the risk and hazard of these compounds, both acute 
and chronic. Consequently, regulations controlling levels of EDCs and PPCPs are 
lacking, meaning that these potentially hazardous chemicals will continue to appear in 
municipal secondary effluent, introducing a growing threat to the receiving 
environment. 
 
2.2.7 Summary 
The types of organic pollutants in municipal secondary effluent are becoming 
increasingly complex and recalcitrant over recent decades. Moreover, the situation is 
expected to worsen because of the production and use of increasing amounts and 
kinds of organic pollutants. Consequently, ROC produced from municipal secondary 
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effluent will contain increasing levels of these organic pollutants and so must be 
treated before disposal. Otherwise, the ROC may cause irreversible environmental 
deterioration and endanger public health. 
 
2.3 General Characteristics of Municipal ROC 
Due to different influent sources, treatment processes and seasons, the 
physico-chemical properties of municipal secondary effluent may vary greatly. 
Therefore, the characteristics of ROCs produced from municipal secondary effluent 
would accordingly fluctuate. Table 2-3 presents a summary of the general 
characteristics of ROC from the recent literature (Van Hege et al., 2002; Van Hege et 
al., 2004; Dialynas et al., 2008; Ng et al., 2008; Lee et al., 2009a; Lee et al., 2009b; 
Westerhoff et al., 2009; Pérez et al., 2010; Zhou et al., 2010). 
 
Table 2-3. The general characteristics of ROC produced from 
municipal secondary effluent 
Parameters Concentration 
pH 7.0 - 9.0 
DOC (mg/L) 10 – 50 
COD (mg/L) 1, 4, 5, 6 60 – 200 
BOD5 (mg/L) 2 <2 
A254 (cm-1) 2, 4 0.4 - 0.8 
TDS (mg/L) 3, 4, 6 1000 – 5500 
Conductivity (mS/cm) 1, 3, 4, 5, 6 1 – 10 
1 Van Hege et al. (2004)                 2 Lee et al. (2009) 
3 Lee et al. (2009b) 4 Westerhoff et al. (2009) 
5 Pérez et al. (2010) 6 Zhou et al., (2010) 
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2.4 Advanced Oxidation Processes 
Advanced oxidation processes are defined as those processes that produce hydroxyl 
radicals (•OH) in sufficient quantities to oxidise organic pollutants (Gogate and Pandit, 
2004b). The hydroxyl radical possesses a high oxidising ability as indicated by its 
oxidation potential (2.8 V) which is only slightly lower than the strongest oxidant - 
fluorine (3.03 V) (Legrini et al., 1993). Consequently, •OH can oxidise organic 
pollutants quickly and non-selectively. The first AOP developed was Fenton’s reagent, 
which was discovered by Henry John Horstman Fenton in the 1890s. The mechanism 
of production of •OH is expressed in Equations 2-1 to 2-3 (Neyens and Baeyens, 
2003). Since then, AOPs have evolved into several major forms including UV-based 
AOPs, ozone, ultrasonic (US)-based AOPs, electro-oxidation, supercritical water 
oxidation (SWCO) and Fenton reaction-like process. Table 2-4 lists several common 
AOPs. 
H2O2 + Fe2+   Fe3+ + •OH + OH- Equation 2-1 
H2O2 + Fe3+   Fe2+ + H+ + HOO•  Equation 2-2 
2H2O2   H2O + •OH + HO2• Equation 2-3 
 
Table 2-4. The common AOPs and their reaction types 
Initiator Free Radical Promoter Reaction Type 
UV 
TiO2 
Fe2+ + H2O2 
O3 
H2O2 
UV-based AOP 
Ozone H2O2 Ozonation 
US H2O2 O3 
Acoustic Cavitation 
Fenton Reagent Zerovalent iron + H2O2 Fe2+ + H2O2 
Fenton Reaction 
Electrode Electrode Electrolysis 
Supercritical 
Condition 
H2O2 
O3 
Oxidation under 
Supercritical Condition 
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Currently, research on the treatment of organic pollutants in municipal ROC is mostly 
focused on advanced oxidation processes (AOPs) because AOPs have many attractive 
features such as ambient reaction conditions, strong oxidising ability, simple operation 
and short treatment time (Gogate and Pandit, 2004b). However, AOPs, as a novel 
technique, have some deficiencies. One of the major drawbacks is the expensive 
operational cost compared with conventional treatment (e.g., biological treatment). 
Therefore, it is of great interest to couple AOPs with conventional treatment to reduce 
the cost to an acceptable level (Andreozzi et al., 1999). Several researchers (Lee et al., 
2009a; Westerhoff et al., 2009; Zhou et al., 2010) have trialled some combined 
processes consisting of AOPs and conventional treatment, demonstrating the great 
potential of this approach to make AOPs a viable option for the treatment of 
municipal ROC. These studies are discussed in Section 2.6. 
 
Of the common AOPs, UV-based AOPs have several advantages such as commercial 
availability of the oxidant, thermal stability, ambient reaction conditions, minimal 
capital investment and simple operation (Legrini et al., 1993). Therefore, there is 
growing interest in using UV-based AOPs to remove various kinds of organic 
pollutants, either from single-constituent solutions or from mixtures from water and 
wastewater. Considerable effort has been devoted to developing the technology, 
ranging from preliminary trials of treating particular organic substrates, optimisation 
of the process and pilot studies for industrial-scale application. 
 
Generally, UV irradiation is applied with either H2O2 or TiO2 to facilitate the 
production of •OH. Compared with TiO2, H2O2 offers the advantages of homogeneous 
reaction and low cost. Furthermore, very limited research has been documented on the 
application of UV/H2O2 for the treatment of ROC produced from municipal 
secondary wastewater. Thus, in this study, UV/H2O2 AOPs were selected as the 
technique to treat the ROC. A review on UV/H2O2 treatment for organic pollutants is 
provided below. 
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2.5 UV/H2O2 Advanced Oxidation Processes 
UV/H2O2 generates •OH through photolysis of H2O2 under UV irradiation. The 
mechanism of this technique can be described by Equation 2-4. As H2O2 exhibits 
weak acidity, it dissociates to form H+ and HO2- according to Equation 2-5 (Ardon, 
1964). Legrini et al. (1993) reported that HO2- also can be a source for producing •OH 
under UV irradiation (Equation 2-6) and its molar absorption coefficient at 253.7 nm 
is one magnitude higher than for H2O2 (228–240 L mol-1 cm-1 for HO2- and 17.9–19.6 
L mol-1 cm-1 for H2O2). Decomposition of H2O2 through dismutation is another way of 
producing •OH as described in Equation 2-7 (Legrini et al., 1993). On the other hand, 
recombination of •OH to H2O2 may occur at high local •OH concentration as in 
Equation 2-8 (Legrini et al., 1993). If H2O2 is present in excess, hydroperoxyl radicals 
(HO2•) will form via Equation 2-9. The resulting HO2• has markedly lower oxidising 
activity than OH• (Yonar et al., 2006). The following subsection discusses UV/H2O2 
AOPs with regards to the important factors that influence the efficiency of this 
technique. 
 
H2O2 + hv   2•OH  Equation 2-4 
H2O2   H+ + HO2-   Equation 2-5 
HO2- + hv   •OH Equation 2-6 
H2O2 + HO2•   H2O + O2 + •OH        Equation 2-7 
•OH + •OH   H2O2 Equation 2-8 
H2O2 + •OH   HO2• + H2O          Equation 2-9 
 
2.5.1 Selection of H2O2 Dosage 
H2O2 dosage is of paramount importance for the UV/H2O2 process. In most cases, 
there is an optimum H2O2 dosage above which there is a negative effect on the 
degradation efficiency because of the quenching of •OH by excess H2O2 (Gogate and 
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Pandit, 2004a). Additionally, excess H2O2 dosage leads to high residual H2O2 
concentration, which will either require its removal or limit the reuse or options for 
the disposal of the treated wastewater. Wang and Hong (1999) found that the 
UVA/H2O2 oxidation of 2-chlorobiphenyl was greatly inhibited above a H2O2 dosage 
of 0.1 M. Andreozzi et al. (2000) reported that the degradation rate of 
N-methyl-p-aminophenol by UV/H2O2 at pH 3 was increased with increasing H2O2 
dosage up to 10 mM and further increase in H2O2 dosage led to a slight detrimental 
effect. When treating the more complex systems such as real domestic or industrial 
wastewater, quenching by excess H2O2 also occurs. Yonar et al. (2006) reported that 
when a domestic wastewater was treated by UV/H2O2, the COD reduction rate and 
extent was enhanced with increasing H2O2 dosage up to 1.5 mM above which 
marginal improvement was observed. Chin et al. (2009) also observed quenching by 
excess H2O2 (>10 mM) in the treatment of greywater by UVC/H2O2. Currently, there 
is no theoretical tool for estimating the optimum H2O2 dosage because it depends on 
the ratio between the concentrations of H2O2 and the organic pollutants, and the type 
of pollutants present, as well as the rate constant for the recombination reaction of 
•OH (Gogate and Pandit, 2004a). Therefore, the determination of optimum H2O2 
dosage is suggested using laboratory studies before practical application of UV/H2O2 
processes. 
 
2.5.2 Initial Concentration of the Contaminants 
Very high initial concentration of contaminants is usually not recommended because 
the radiation will mostly be absorbed by the pollutants rather than by H2O2 for the 
formation of •OH (Andreozzi et al., 2000). Consequently, the efficiency of the 
oxidation process is reduced. De et al. (1997) reported that the reaction rate constant 
for phenol degradation by UV/H2O2 was inversely proportional to the initial 
concentration of phenol. Andreozzi et al. (2000) reported the same phenomenon for 
the degradation of N-methyl-p-aminophenol. However, increasing initial 
concentration of contaminants can be beneficial sometimes. For example, Beltrán 
(1993) found that the degradation rate of atrazine increased with increasing initial 
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substrate concentration over the range from 0.011 mM to 0.11 mM. Gogate and Pandit 
(2004b) proposed that the optimum initial concentration of contaminants could be 
established by taking into account the net degradation, which is defined as the number 
of moles degraded per unit energy supplied. Another useful tool for estimating 
optimum initial pollutant concentration is the figure of merit - electrical energy per 
order (EE/O), which is defined as the electrical energy (in kilowatt hours) required to 
reduce the concentration of a pollutant by one order of magnitude in 1000L of water 
(Bolton et al., 2001) (Equation 2-10). It should be noted that EE/O contains the 
implicit assumption of pseudo first order kinetics. Due to the different properties of 
organic pollutants and different reaction conditions, the optimum initial pollutant 
concentration should be established with laboratory scale studies as suggested by 
Gogate and Pandit (2004a). 
 
EE/O = 
)C / (C log  V
1000  t  P
fi
   Equation 2-10 
 
where P is the lamp power (kW), 
t is treatment time (s), 
V is the volume of irradiated sample (L), and 
Ci and Cf are the initial and final pollutant concentrations. 
 
2.5.3 Operating pH 
Gogate and Pandit (2004a) argued that the intrinsic rates of the UV/H2O2 process were 
marginally affected by pH. On the other hand, the dissociation of H2O2 is increased 
with increasing pH due to its weak acidity (Legrini et al., 1993). As stated in Section 
2.4, the absorption coefficient for dissociated HO2- at 253.7 nm is about 12 times that 
of H2O2 (Legrini et al., 1993). Hence more incident radiant power is absorbed by 
HO2- which produces more •OH and therefore faster degradation of the organic 
pollutants is expected. Nevertheless, in most of the published work on treating real 
domestic or industrial wastewater, better treatment performance is observed at lower 
21 
pH (i.e., 3-5) (Hwang et al., 2004; Catalkaya and Sengül, 2006; Yonar et al., 2006). 
This is attributed to the alleviation of the radical scavenging effect at low pH due to 
the presence of some ions, such as carbonate and bicarbonate species, which is 
discussed in the next subsection. Due to the inevitable presence of radical scavengers 
in domestic or industrial wastewater, it is usually recommended to use low pH when 
UV/H2O2 treatment is applied. 
 
2.5.4 Presence of Radical Scavengers 
Radical scavengers significantly affect the overall efficiency of a UV/H2O2 process. 
In order to achieve efficient UV/H2O2 treatment, pre-treatment is recommended to 
reduce the concentration of the radical scavengers to the concentration below which 
the scavenging effect is negligible. The effects of various radical scavengers have 
been widely studied. Cater et al. (2000) have reported that benzene, toluene and 
xylene can deplete •OH and therefore reduce the removal efficiency of 
methyl-tert-butyl ether; however, the negative effect was observed to be marginal 
when the concentrations of these radical scavengers were below 2 mg/L. Wang et al. 
(2000) found that the scavenging effect of humic acid for the oxidation of itself 
became significant at concentrations above 8 mg/L. They also reported that a 
significant inhibitory effect was observed in the presence of carbonate and 
bicarbonate species.  
 
Indeed, carbonate/bicarbonate species have been mostly recognised as a major 
reaction inhibitor for the UV/H2O2 process due to their strong radical scavenging 
effect (Buxton and Elliot, 1986; Legrini et al., 1993; Gogate and Pandit, 2004a). They 
readily deplete the •OH through Equation 2-11 and Equation 2-12; and CO32- reacts 
with •OH faster than HCO3- by two magnitudes (Buxton and Elliot, 1986). 
Nevertheless, this disadvantage can be alleviated or even eliminated by decreasing the 
pH. According to Figure 2-1, the carbonate/bicarbonate species are completely 
transformed to H2CO3 or dissolved CO2 at pH 4, both of which have a negligible 
reactivity with •OH (Liao and Gurol, 1995).  
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CO32- + •OH    -1 -138 smol dm 10  4.2 k  CO32-• + HO-    Equation 2-11 
HCO3- + •OH    -1 -136 smol dm 10  5.8 k  CO32-• + H2O  Equation 2-12 
 
 
Figure 2-1. Composition of CO2/(H2CO3)/HCO3-/CO32- system at different pH at 
20oC (Oppenländer, 2003). 
 
However, it should be noted that low pH sometimes leads to a negative effect in the 
presence of chloride anions. Liao et al. (2001) presented interesting work in which the 
scavenging of •OH by carbonate/bicarbonate species and chloride were systematically 
investigated at different pH. They reported that the Cl- can scavenge •OH through 
Equation 2-13 to form HOCl-•, and its reverse reaction has a similar rate constant. The 
HOCl-• can further react with H+ to form Cl• through protonation (Equation 2-14); 
however, the reverse reaction is markedly more difficult as indicated by the much 
smaller rate constant. They found that the •OH yield increased with increasing pH 
from 2 to ~7 and then decreased with further increase to 9. Liao et al. stated that the 
pKa (7.2) for the reaction in Equation 2-14 was critical for the concentration of •OH. 
At pH > 7.2, the equilibrium of Equation 2-14 shifts toward the left and therefore 
higher concentration of HOCl-•, which in turn prevents the scavenging of •OH by the 
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Cl- as in Equation 2-13. Hence the decrease in yield of •OH at low pH can be 
explained. When the pH was increased to 9, the scavenging effect of 
carbonate/bicarbonate species became dominant. In short, there is a competitive 
mechanism of scavenging between Cl- and carbonate/bicarbonate species in this case.  
 
•OH + Cl-  
 


           1-9
-1 -139
s 10  6.1  k'        
smol dm 10  4.3 k 
 HOCl-• Equation 2-13 
HOCl-• + H+  
 


             1-3
-1 -1310
s 10  1.3  k'        
smol dm 10  2.1 k 
 Cl• + H2O Equation 2-14 
 
Real wastewater is a complex system, containing not only these anions as discussed 
above but also other ions – anions (e.g., SO42-, NO3-, PO43-, Br-) and cations (e.g., Fe3+, 
Fe2+, Cu2+) which may play a role in the UV/H2O2 oxidation process. Therefore, 
laboratory studies are required to establish an accurate understanding of the effects of 
radical scavengers for a particular UV/H2O2 treatment system. Pre-treatment is 
preferred to remove identified radical scavengers to minimise their negative effects on 
the efficacy of the process (Gogate and Pandit, 2004a). 
 
2.5.5 UV Wavelength 
Hydrogen peroxide is more photo-reactive in the UV spectral region between 185-300 
nm than between 300-400 nm (Clarke and Knowles, 1980; Zang and Farnood, 2005), 
which is mainly attributed to the absorption properties of H2O2. At 253.7 nm, the ε is 
19.6 L mol-1 cm-1 and this value drops to 1 at 300 nm. Further increase in wavelength 
leads to exponential decrease in ε (Figure 2-2). Consequently, a UVC lamp, emitting 
at approximately 254 nm, is usually used for UV/H2O2 processes. 
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Figure 2-2. Relationship of molecular extinction coefficient to UV wavelength 
(H2O2.com, 2009).  
 
The use of vacuum UV (VUV) is interesting in terms of its capability to produce •OH 
in the absence of H2O2. Several studies have demonstrated the advantages of VUV 
irradiation (254 + 185 nm) for degrading organic pollutants in an aqueous medium 
(Buchanan et al., 2004; Thomson et al., 2004; Alapi and Dombi, 2007). The 185 nm 
component photolyses water to produce •OH through Equations 2-15 and Equation 
2-16 (Oppenländer, 2003) and thus enhances the oxidation of organic contaminants. 
The presence of dissolved oxygen further facilitates the generation of several other 
reactive species such as O2•- and HO2• according to Equations 2-17 and 2-18 resulting 
in a highly oxidative environment (Wang et al., 2010). 
 
H2O VUV  •OH + •H Equation 2-15 
H2O VUV  •OH + H+ + e-(aq) Equation 2-16 
e-(aq) + 3O2   O2-• Equation 2-17 
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2.5.6 Reaction Mechanism between Hydroxyl Radicals and Organics 
In UV/H2O2 processes, the main radical that destroys the organic pollutants is •OH. 
Therefore, it is important to understand the reaction mechanism for kinetics modelling 
of the degradation process. This is crucial for the effective design of the reactors. 
Legrini et al. (1993) reported that there were three major types of reactions: hydrogen 
abstraction, electrophilic addition and electron-transfer reactions. Legrini et al. 
proposed a mechanism for the first reaction type, which is presented in Figure 2-3 
(Legrini et al., 1993); the explanation of each step is listed below: 
 
(a) Generation of •OH by H2O2 photolysis. 
(b) Hydrogen abstraction reaction between •OH and organic compounds (HRH) to 
form organic radicals (RH•). 
(c) RH• reacts with dissolved O2 to produce an organic peroxyl radical (RHO2•), 
initiating subsequent thermal oxidation reactions. 
(d) Heterolysis and generation of organic cations as well as superoxide anion. 
(e) 1,3–hydrogen shift and homolysis into hydroxyl radicals and carbonyl 
compounds. 
(f) Back reaction to RH• and O2. 
(g) Hydrogen abstraction by RHO2•. 
(h) Disproportionation reaction of O2-• in a aqueous system to form H2O2. 
(i) Polymerization of unsaturated organic substrate present in the reaction system 
or generated by dismutation. 
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Figure 2-3. The mechanism for the hydrogen abstraction reaction by UV/H2O2 
processes as proposed by Legrini et al. (1993). 
 
Equation 2-19 describes the electrophilic addition reaction in which •OH reacts with 
organic π-systems resulting in organic radicals. This leads to subsequent reactions 
which are similar to those shown in Figure 2-3. Legrini et al. (1993) stated that this 
type was of particular interest for revealing the mechanism of the rapid dechlorination 
of chlorinated phenols yielding chloride ions, the pathway of which is described in 
Equation 2-20. 
 
 Equation 2-19 
 
R 
R R 
R 
+ •OH  
R
R R
R
•
OH
27 
 Equation 2-20 
The third type of reaction (electron-transfer reaction) only occurs where hydrogen 
abstraction or electrophilic addition reactions are not favoured due to multiple 
halogen substitution or steric hindrance. The mechanism is illustrated in Equation 
2-21 (Legrini et al., 1993). 
 
•OH + RX   HO- + RX+• Equation 2-17 
 
Gogate and Pandit (2004a) suggested that a realistic reaction model should consider 
all the chemical and photochemical reactions (the number may range from 50 to 100 
or even more), including the effects of the presence of radical scavengers, and should 
be as comprehensive as possible because of the large influence which can be exerted 
by other minor components present in the system. They also emphasised the 
importance of pH change during the oxidation reaction and recommended 
consideration of the effect of pH when first developing a kinetic model. Work has 
been done by Crittenden et al. (1999) in which 44 different reactions, whose kinetic 
rate constants have been reported, were included in the model. The model well 
predicted the degradation of 1,2–dibromo, 3–chloropropane by UVC/H2O2 advanced 
oxidation. However, a kinetic model for UV/H2O2 treatment of a real wastewater may 
be impractical to develop due to the presence of too many organics and ions unless 
predominant species have been identified and the effects of minor components have 
been proven to be negligible. 
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2.6 ROC treatment by Advanced Oxidation Processes 
In this section, recent published work regarding treatment of ROC by different types 
of AOPs is reviewed and discussed. 
 
2.6.1 Electro-oxidation 
Van Hege et al. (2002) used electro-oxidation to treat a ROC produced from the 
treated mixed effluent of domestic and textile wastewater using boron-doped diamond 
(BDD) electrodes. They obtained >80% decolourisation at an electrical input of 3 
Ah/L and approximately 50% reduction in A254. Both COD and total ammonium 
nitrogen (TAN) reductions followed a linear relationship, the rate constants of which 
were 2.33 and 1.28 mM/A/h, respectively. The authors stated that ClO- was the 
predominant active chlorine component because of three reasons: (i) pH remained 
above 7 during the treatment; (ii) the concentration of ClO- increased with electrolysis 
time; (iii) active chlorine was consumed during oxidation of organics and thus was 
non-detectable in the presence of substantial DOC and TAN concentrations. Hence, 
they concluded that the DOC and TAN were predominantly degraded through indirect 
oxidation by hypochlorite in the bulk solution. 
 
In another study by Van Hege et al. (2004), four anodes (PbO2, SnO2, RuO2 and BDD) 
were trialled to reduce the COD and TAN in the same ROC. The ROC had a high 
COD and a low biodegradability (COD from 151–218 mg/L, average ratio of 
BOD28/COD was reported as 0.3). Preliminary studies indicated that PbO2 and SnO2 
anodes were not suitable for this ROC due to Ca(OH)2 and Mg(OH)2 scaling on the 
anode surface and corrosion of the PbO2 anodes during the reaction. Interestingly, the 
current density did not appear to impact the removal of COD and TAN for both RuO2 
and BDD electrodes. Within a certain range of electrical charge, linear behaviour in 
the reduction of COD and TAN was observed. The increase in chlorine concentration 
indicated that the degradation pathway was mainly through indirect bulk oxidation by 
hypochlorite. However, the authors mentioned that hydroxyl radicals produced on the 
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BDD surface also played an important role in degrading the organics. Therefore, 
compared with RuO2, BDD achieved better degradation with 74.1% and 56.2% 
reduction in COD and TAN, respectively, and almost complete colour removal. 
However, due to the low conductivity (average 4.8 mS/cm) of the ROC, energy 
consumption was quite high, which may restrict its practical application. Hence, there 
is a need for research on optimization of the cell design to minimize the energy 
consumption and the formation potential of undesirable chlorinated organic 
components. 
 
Pérez et al. (2010) investigated the application of electro-oxidation using BDD 
electrodes to a ROC from tertiary water treatment. Different from similar work by 
Van Hege et al. (2004), Pérez et al. not only studied the degradation of bulk water 
parameters (COD, TAN etc.) but also the change of some other properties of the ROC, 
namely, THM formation and concentrations of some emerging pollutants (i.e., PPCPs 
and EDCs) during the treatment. Ten representative emerging pollutants (Table 2-4) 
were monitored during the treatment. The reductions in COD and TAN increased with 
increasing current density. COD was almost completely removed after 4 h treatment 
for 200 A/m2. However, ~200 μg/L THMs were formed, which is twice the limit in 
European (100 μg/L) and USEPA (80 μg/L) regulations for drinking water. Therefore, 
more work is required to establish the optimum current density for process efficiency 
and minimum formation of THMs. As discussed in 2.2.6, the conventional treatment 
in WWTPs is always insufficient to remove the recalcitrant pollutants. Table 2-5 
demonstrates that of these ten selected pollutants, only nicotine, caffeine and 
ibuprofen were removed by 90% or more; the removal efficiencies for the other 
pollutants were very low, indicating that further treatment was required to prevent 
these compounds transferring into the environment. It was found that current density 
had a marginal effect on the removal of these compounds. The authors explained that 
due to the trace presence of these compounds, the overall kinetics were largely 
dependent on the mass transfer resistance given by the diffusion of pollutants from the 
bulk solution to the anode surface. After 2 h BDD electro-oxidation, all the 
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investigated pollutants except ibuprofen were reduced by >90% as shown in Table 
2-5. 
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Table 2-5. The removal efficiency of emerging pollutants by WWTPs and AOP treatment (Pérez et al., 2010). 
Compound Classification Removal by WWTP (%) Removal by 2 h Elox (%) 
Nicotine Stimulant 98.44 98.8 
Caffeine Stimulant 97.30 98.9 
N-acetyl-4-amino-antipyrine Pharmaceutical 67.78 99.1 
Atenolol Pharmaceutical 12.47 92.3 
Naproxen Pharmaceutical 74.48 94.9 
Fenofibric Acid Pharmaceutical 0 95.4 
Gemfibrozil Pharmaceutical 0 96.5 
Ibuprofen Pharmaceutical 94.5 55.1 
Furosemide Pharmaceutical 28.8 98.0 
Hydrochlorothiazide Pharmaceutical 1 97.2 
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2.6.2 Ozonation 
Ozonation of the ROC prepared from the effluent of a wastewater treatment plant 
(WWTP) was carried out by Benner et al. (2008). The degradation of pharmaceuticals 
in the ROC was the focus rather than bulk water quality parameters. They found that 
the concentration of all the pharmaceutical compounds was 3-4 times greater on 
average in ROC (Table 2-6), and they were not detected in the RO permeate. The 
reaction rates between •OH and four beta blockers (acebutolol, atenolol, metoprolol 
and propranolol) were determined. It was found that, at pH 7, acebutolol, atenolol and 
metoprolol reacted with ozone with an apparent second-order rate constant (kO3) of 
about 2000 M-1 s-1 whereas the rate for propranolol was ~ 105 M-1 s-1. Ozonation at a 
dosage of 5 mg/L was able to remove propranolol in 0.8 s and a dosage of 10 mg could 
oxidise 70% of metoprolol in 1.2 s. Although bromate was formed, the concentration of 
35 μg/L was considered negligible and much lower than the discharge guideline of 3 
mg/L for the aqueous ecosystem (Hutchinson et al., 1997). Benner et al. stated that 
pre-chlorination could increase the stability of the ozone in water via the reaction of 
chlorine with amine moieties of the organic matrix to form chloramines, which were no 
longer susceptible to direct reaction with ozone. Collectively, ozonation presents a 
promising treatment for pharmaceuticals in ROC with complete removal and short 
reaction time.
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Table 2-6. Concentrations (in μg/L) of selected pharmaceuticals in WWTP effluent and ROC 
(Benner et al., 2008) 
Compound WWTP effluent ROC  Concentration factor 
Antiepileptic drugs    
Carbamazepine 1.2 ± 0.1 3.4 ± 0.2 2.8 
Antibiotics    
Sulfamethoxazole 0.4 ± 0.2 1.19 ± 0.050 3.0 
Trimethoprim 0.22 ± 0.02 0.6 ± 0.1 2.7 
Clarithoromycin 0.32 ± 0.02 0.8 ± 0.2 2.5 
Contrast media    
Iomeprol 0.9 ± 0.2 3.9 ± 0.5 4.3 
Iopromide 1.38 ± 0.07 7 ± 1 5.1 
Antiphlogistics    
Ibuprofen 0.25 ± 0.01 1.33 ± 0.07 5.3 
Diclofenac 0.53 ± 0.09 1.5 ± 0.1 2.8 
Lipid regulator    
Naproxen 0.36 ± 0.04 0.98 ± 0.06 2.7 
Beta blockers    
Acebutolol 0.23 ± 0.03 0.76 ± 0.03 3.3 
Atenolol 1.7 ± 0.2 2.9 ± 0.3 1.7 
Bisoprolol 0.24 ± 0.01 0.94 ± 0.06 3.9 
Celiprolol 1.2 ± 0.1 1.8 ± 0.6 1.5 
Metoprolol 0.25 ± 0.02 0.88 ± 0.03 3.5 
Propranolol 0.36 ± 0.01 1.05 ± 0.02 2.9 
Timolol 0.0083 ± 0.0003 0.018 ± 0.001 2.1 
DOC (mg/L) 12 46 3.8 
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Lee et al. (2009a) employed ozone to enhance the biodegradability of the organics in 
ROC which was produced from Bedok NeWater plant, Singapore, before biological 
activated carbon (BAC) treatment. The TOC removal by ozonation ranged from 5.3% 
to 24.5% at different dosages and contact time whereas the ratio of BOD5 to TOC was 
increased by 1.8–3.5 times. The enhancement of biodegradability was mainly 
attributed to the breakdown of organics with molecular weight range of 10–100 kDa 
to intermediates of less than 1 kDa. To investigate the efficiency of the combined 
system, ozonated ROC (ozone dosage 6.0 mg/L, contact time 20 min) was subjected 
to the BAC treatment. The combined process achieved 69.8% and 88.7% removal of 
TOC and COD, respectively, which were at least 2.4 times greater than by the BAC 
treatment alone. This confirmed that ozone was effective for breaking down the large 
compounds and thus enhanced the biodegradability of the ROC. For inorganic 
compounds (i.e., Na+, K+, Mg2+, Ca2+, Cl-, NO3-, SO42- and PO43-), an average removal 
of 80% was achieved by capacitive deionisation (CDI) process which utilises an 
electrical-magnetic field to trap the ions depending on their electrical charge. 
 
2.6.3 UV/TiO2 photolysis 
 
Westerhoff et al. (2009) compared UV/TiO2, iron coagulation, Fenton-reaction 
process and O3/H2O2 to treat the ROC from the Scottsdale Water Campus. UV/TiO2 
was the best for both maximum DOC reduction and energy efficiency. Within 
expectation, UV photolysis alone removed less than 5%, meaning that the presence of 
TiO2 was necessary for producing sufficient •OH. The pH was adjusted to 5 for two 
reasons: to quench the scavenging effects of carbonate species; and at pH 5, the 
surface of TiO2 is positively charged, resulting in greater affinity of DOC for the 
catalyst surface. The greater reduction in the absorbance at 254 nm than DOC implied 
that most of the organics were degraded in following sequence: Bulk Organics -> 
Aldehydes -> Carboxylic acids -> Carbon dioxide. After treatment, almost all the 
pharmaceutical compounds of interest (mainly Carbamazepine, Meprobamate and 
N,N-Diethyl-meta-toluamide) in the original ROC were reduced to below the 
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detection limit of 2 ng/L. The UV/TiO2 process reached a plateau of DOC removal 
(87%) at energy input of ~9 kWh-1 m-3. This trend indicated that the organics were 
converted to intermediates which were refractory to the UV/TiO2 process. The 
majority of these partially oxidised organics were oxalate, acetate and propionate, 
which were not readily mineralised by UV/TiO2 and so reaction of hydroxyl radicals 
with these compounds were considered as the rate limiting step; however, they could 
be easily degraded by biologically acclimated sand reactors. Consequently, by 
combining biological treatment with UV/TiO2, a final water quality of around 2 mg/L 
DOC with almost complete removal of PPCPs was achieved. This work suggests that 
integration of different treatments may result in great performance and economic 
benefits. 
 
2.6.4 Comparative Studies 
Dialynas et al. (2008) evaluated the performance of different treatments, both 
conventional and advanced oxidation processes, on a ROC produced during 
reclamation of municipal secondary effluent. The processes included Fe/Al 
coagulation, granular activated carbon (GAC) adsorption, electrolysis, photocatalysis 
and sonolysis. With regard to coagulation, they found that ferric chloride was more 
effective than alum. Low dosage (0.4 mM) FeCl3 achieved removal of half the DOC. 
Initial rapid DOC drop was observed during GAC treatment, then the trend became 
more moderate due to the slow diffusion of the organic matter in the pores of the GAC. 
Four days were needed for reaching the adsorption equilibrium and the removal of 
DOC was high (91.3% at a GAC dosage of 5 g/L).  
 
With regard to AOPs, electrolysis using a BDD electrode was performed under two 
current intensities, and removals of DOC at 3.6 A and 17.8 A were 30% and 36%, 
respectively, after 30 min reaction. A suspension of TiO2 was used with irradiation by 
UVA lamp (350-400 nm) and no great improvement was achieved by doubling the 
dosage of TiO2 catalyst with DOC removals of 41% for 0.5 g/L and 49% for 1 g/L TiO2 
after 60 mins reaction. This was probably due to the increasing opacity caused by the 
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suspended catalyst (Gogate and Pandit, 2004b). Two experiments using sonolysis were 
conducted at energy input of 67.5 W and 135 W leading to DOC removals of 29% and 
34% after 60 min reaction, respectively.  
 
A comparison of energy consumption for the three AOPs was presented based on the 
first 30 min of reaction: 16.7 kJ/mg DOC for electro-oxidation, 9.3 kJ/mg DOC for 
photocatalysis and 810 kJ/mg DOC for sonolysis. This showed that photocatalysis 
was better than other two types of processes with regard to DOC degradation and 
energy consumption. However, ~50% removal of the DOC was not sufficient. Despite 
high removal of DOC by GAC, the treatment time was too long for realistic 
application. Moreover, use of GAC only transfers the organic pollutants to the 
adsorbed phase and therefore further treatment is required to treat these adsorbed 
compounds. Thus, there is room for improvement in these methods. 
 
Zhou et al. (2010) compared the four common AOPs, i.e., photocatalysis, sonolysis, 
ozonation and H2O2 oxidation, as well as their combinations for treating the organics 
present in the ROC produced from a water reclamation plant in Singapore. Activated 
carbon (AC) adsorption and Fe coagulation were used as the pre-treatment before 
AOPs. Although high removal of DOC (~90%) was obtained by 5 g/L AC, the 
remaining fraction of DOC could not be removed even with higher dosage and was 
associated with hydrophilic organics of large molecular weight. On the other hand, Fe 
coagulation mainly targeted the organics with high molecular weight (>104 kDa) 
leading to 26% removal of DOC. The authors stated that the high molecular weight 
compounds were AOP-resistant and therefore were deemed to be removed before 
AOPs. Consequently, coagulation was selected as the pre-treatment before AOPs.  
 
With coagulation, the sequence of the DOC removal efficiencies for the investigated 
AOPs was ultrasonic (US) < UVA/O3 < O3 < UVA/TiO2 < US/H2O2 < UVA/H2O2 < 
US/O3 < UVC/TiO2 < UVA/US/TiO2 < UVA/H2O2/O3 < US/H2O2/O3 < UVA/TiO2/O3. 
The three O3-based AOPs (i.e., O3, UVA/O3 and US/O3) did not show any synergistic 
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effect due to the acidic conditions induced by Fe coagulation (pH 5), which is 
unfavourable for O3 stability. However, the acidic medium was beneficial for the 
TiO2-based AOPs because the scavenging effect by carbonate species decreased with 
decreasing pH, as discussed in Section 2.5.4 and the affinity between organics, and 
TiO2 catalyst surface would be enhanced (Westerhoff et al., 2009). This explained 
why TiO2-based AOPs achieved better performance than the other AOPs investigated. 
 
The molecular weight change after coagulation and two AOPs with/without 
coagulation, i.e., O3 and UVC/TiO2, was investigated. The results confirmed that 
coagulation mainly removed the organics with a molecular weight over 10 kDa. 
Ozonation could break down the organic fraction of 10-100 kDa, but was ineffective 
for the fraction >100 kDa. UVC/TiO2 mineralised only some organics with simple 
structure (molecular weight < 1 kDa). With coagulation, the DOC removal 
efficiencies of both AOPs were enhanced. In addition, the main fraction of remaining 
organics had a relatively low molecular weight (<10 kDa) and enhancement of 
biodegradability by at least 7-fold. The ecotoxicity was evaluated by using the 
Microtox test with the bacterium Vibrio fisheri. The raw ROC gave 62% inhibition of 
the bacteria, indicating the ROC was toxic to the test micro-organism. After 
coagulation and subsequent AOPs mentioned before, the toxicity was reduced. 
UVA/TiO2/O3 achieved the lowest inhibition of 25%. However, the O3-based AOPs 
still exhibited high toxicity (over 40% inhibition), suggesting the presence of toxic 
residual organics. This study demonstrated that UV/H2O2 was not as effective as 
UV/TiO2. However, as discussed in Section 2.5.5, UVA is not suitable to couple with 
H2O2 to achieve a satisfactory synergistic effect due to the low molecular extinction 
coefficient at this wavelength. Therefore, this study could not be used as a guideline 
for estimating the efficiency of UV/H2O2 processes for the treatment of municipal 
ROC. 
 
Bagastyo et al. (2011) compared Al/Fe coagulation, ion exchange (MIEX) and 
UVC/H2O2 to treat the ROCs from two different sources, i.e., one for a coastal 
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catchment (denoted as LP ROC) and the other from an inland wastewater treatment 
plant (denoted as BD ROC). LP ROC and BD ROC had a COD of 147 and 168 mg/L, 
respectively. For both ROCs, half of the COD had molecular weight <1 kDa. For both 
Al and Fe coagulation, the optimal coagulant dose was 1.5 mM. Fe coagulation 
achieved 24% higher COD removal than Al coagulation (17%) for BD ROC. 
Increasing MIEX dosage from 10 to 15 mLslurry/L led to a small improvement (from 
28% to 35%) for COD removal with a contact time of 20 min. The optimal H2O2 dose 
for UVC/H2O2 processes was 400 mg/L. Of the four techniques, UVC/400 mg/L H2O2 
achieved the highest reduction in COD, 55% for LP ROC and 50% for BD ROC with 
a UV dose of 3.1 kWh/m3. Molecular size analysis demonstrated that Al/Fe 
coagulation was more effective for removing the compounds >10 kDa, the remaining 
organics were mainly 0.5-1 kDa in size. Similar to Al/Fe coagulation, MIEX mainly 
removed the large molecular weight components (>10 kDa). Most of the organics in 
both LP and BD ROC could be removed by the UVC/H2O2 process, except the 
fraction containing 0.5-1 kDa compounds, indicating that the recalcitrant compounds 
were mainly low molecular weight organics. Although UVC/H2O2 was proven to be 
the most effective treatment, it was also the most expensive compared with Al/Fe 
coagulation and MIEX, which were $AU0.47/m3 for UVC/H2O2, $AU0.12-0.13/m3 
for coagulation and $AU0.15-0.20/m3 for MIEX. However, the authors indicated that 
a biological treatment could potentially be applied after the UVC/H2O2 process to 
achieve further organic degradation. This would reduce the cost for the UVC/H2O2 
process by reducing the exposure time since the hydroxyl radical would break down 
the large organic compounds, probably leading to more biodegradable residual 
organics. 
 
2.6.5 Other treatments 
 
Ng et al. (2008) employed a hybrid process consisting of BAC and CDI to treat the 
organic pollutants in the ROC produced from Bedok NeWater plant, Singapore. At the 
beginning of the treatment, almost 90% of the organic pollutants were removed by 
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BAC; however, the TOC of the BAC effluent increased sharply to about 5 times after 
treating 770 L ROC due to exhaustion of the GAC adsorption capacity. In addition, 
the authors stated that at this stage the biological activity of the microorganisms was 
not the predominant mechanism of organic removal. The effluent TOC plateaued after 
treating 2,200 L ROC where the biodegradation of the TOC approximated the 
exhaustion rate of the activated carbon. Once stabilised, average removal efficiencies 
of 25.0 and 39.6% were achieved for TOC and COD, respectively, corresponding to 
average TOC and COD effluent concentrations of 25.4 and 38.9 mg/L, respectively. 
Reduction in concentration of inorganic ions by BAC was negligible. Hence, CDI was 
applied to treat the BAC effluent. Reductions of 92% in conductivity and 78% in TOC 
were obtained with a water recovery of 90%. 
 
2.7 Summary of Literature Review 
In general, ROC from reclamation of municipal secondary effluent contains a high 
loading of organic pollutants from a wide range of classes. Some of the pollutants are 
recalcitrant compounds that exhibit highly bio-accumulative and toxic properties. 
Several reports demonstrate low removal efficiency of these compounds by WWTPs. 
Many of these residual compounds have been proven to have negative impacts on the 
environment. Furthermore, they are present in ROC at elevated levels, which may 
cause severe environmental deterioration. Hence, disposal of untreated ROC is not a 
sustainable option. Actions must be taken to deal with the organic pollutants in the 
ROC before their disposal to the environment. 
 
UV/H2O2-based AOPs have been proven an effective treatment for removing a wide 
range of organic pollutants. The technique produces highly oxidising •OH which can 
oxidise most of the organics to, in most cases, less toxic intermediates, eventually to 
CO2. Much effort has been devoted to developing this technique. Many parameters 
influence the efficiency of the UV/H2O2 process, e.g., pH, UV wavelength and H2O2 
dosage. Compared with conventional treatment, the UV/H2O2 process has many 
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advantages such as non-selectivity, shorter treatment time, low capital investment and 
easy operation (Legrini et al., 1993). However, the energy consumption of the 
UV/H2O2 system is considered high. Therefore, complete mineralisation of the 
organic contaminants is usually not economic and thus is impractical. Studies have 
been reported that large compounds are fragmented rapidly by •OH and the resultant 
products are more biodegradable. This suggests the potential for the use of a 
biological treatment after the UV/H2O2 process. 
 
Several AOPs have been evaluated for treating the organic contaminants in ROC 
produced from municipal secondary effluent, including UV/TiO2, electro-oxidation, 
ozone, BAC, sonolysis, and their combinations. The positive results reported 
previously are encouraging for further research on AOPs for treating the organics in 
ROC. To date, there are few reports on the application of the UV/H2O2 process for 
treating ROC. The UVA/H2O2-based system has been investigated by Zhou et al. 
(2010) and the work can not represent the real potential of UV/H2O2 processes for 
treating municipal ROC, as discussed in Section 2.6.4.  
 
2.8 Aim & Objectives of This Project 
The aim of this project was to investigate the feasibility of using UV/H2O2 processes 
to reduce the level of organics in ROC to minimise the negative impacts on the 
environment, or even for reuse. Moreover, the biodegradability of the ROC after the 
UV/H2O2 processes was determined to evaluate the potential of the post-biological 
treatment. 
 
The objectives of the research were to investigate the influence of the various reaction 
parameters to provide useful information for future design or optimisation of the 
industrial-scale process. These parameters are listed below:  
• H2O2 dosage 
• Different secondary effluent sources 
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• UV irradiation wavelength 
• pH 
• Salinity 
• Initial organic pollutants concentration 
• H2O2 dosing mode 
• Irradiation time 
 
The performance of various UV/H2O2 processes was evaluated by measuring the 
change in following water quality parameters: absorbance at 254 nm, biodegradable 
dissolved organic carbon, colour (at 455 nm), chemical oxygen demand, dissolved 
organic carbon, fluorescence excitation emission matrix, molecular size distribution, 
toxicity and trihalomethane formation potential. 
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3. Materials and Methods 
This chapter describes the materials and methods used in this study. The UV 
photo-reactor is described in Section 3.1, and the characteristics of the UV lamps in 
Section 3.2. The ROC preparation is detailed in Section 3.3. The analytical methods 
are listed in Section 3.4. Sections 3.5 and 3.6 describe the determination of the fluence 
rate of the UVC and VUV lamp, respectively. The procedures for UV experiments are 
presented in Section 3.7. 
 
3.1 UV Photo-reactor 
 
 
Figure 3-1. Schematic description of the UV photo-reactor. 
 
The UV photo-reactor used in this study was an annular reactor with a centrally 
mounted lamp as demonstrated in Figure 3-1. The reactor was operated in batch mode. 
The average irradiated area was 464 cm2 with a path length of 1.94 cm. The reactor 
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was designed by James Thomson and full design specifications of the reactor 
including calculations, maintenance, procedure for dismantling and a list of the 
materials used for construction can be found in Thomson (2002). The reactor has a 
quartz glass tube, which is used for fitting either a UV or VUV hairpin style lamp 
(Australian Ultra Violet Services). When the VUV lamp was used, nitrogen was 
purged between the VUV lamp and the quartz tube to prevent production of hazardous 
ozone from oxygen photolysis by VUV irradiation, while air was used during UV 
irradiation. These gases facilitated the cooling of the lamps to keep the temperature 
below 45oC and so prevent overheating. The reactor jacket was connected to a 23 L 
reservoir of cooling water (maintained at 20oC ± 1oC by a chiller) which was 
circulated around the sample chamber to prevent temperature variation during the 
experiment. The sample chamber was encased by an opaque PVC sleeve. 
 
3.2 Lamp Characteristics 
Two low-pressure mercury-vapour lamps were used in this project, which are referred 
to as UVC lamp (G36T15 NU) and VUV lamp (G36T15 HU). The technical 
specification of the two lamps is presented in Table 3-1. 
 
Table 3-1. Specification of UVC and VUV lamps (Australian Ultraviolet Services)
Lamp Model Spectral Peak Length 
Electrical 
Power 
Ozone Production
UVC G36T15 NU 254 nm 360 mm 39 W No 
VUV G36T15 HU 254 + 185 nm 360 mm 46 W Yes 
 
The UVC lamp emits about 94% of its radiant energy at 254 nm and about 6% at 
other wavelengths. Therefore, this lamp can be considered as a monochromatic lamp. 
Approximately 50% of the electrical energy input is transformed to 254 nm, and 2% 
to visible light. Another 48% is converted to heat (Technical data sheet, Australian 
Ultra Violet Services). 
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The VUV lamp emits at two wavelengths: 254 nm and 185 nm. The physical 
dimensions of the VUV lamp were identical to the UVC lamp; however, the material 
used for the VUV lamp envelope is ultra-pure quartz which facilitates transmission of 
radiation at 185 nm. The UVC lamp envelope is quartz with mineral impurities which 
has a negative effect on the transmission of 185 nm radiation (Jacob, 1981). 
 
3.3 ROC Preparation 
The ROC was produced in the laboratory using municipal secondary effluent 
collected from three different WWTPs in Melbourne. The source and the properties of 
the three secondary effluents are covered in Section 3.3.1. The equipment and 
procedures for preparing the ROC are described in Section 3.3.2. 
 
3.3.1 Source and Properties of Secondary Effluent for Production of ROC 
The municipal secondary effluents used for production of ROC were collected from 
three WWTPs located in Melbourne, which were WWTPA, Western WWTP (WTP) 
and Altona WWTP (ATP). 
 
WWTPA treats predominantly municipal wastewater using a conventional activated 
sludge process. ATP, located in Altona Meadows, employs a process called 
Intermittent Decant Extended Aeration (IDEA). The IDEA plant consists of screening, 
grit removal, aerated reactors, tertiary filtration and UV disinfection. Raw sewage 
from the Altona catchment is predominantly domestic wastewater. The secondary 
effluent from ATP had a markedly higher salt content than the one for WWTPA 
(Table 3-2), which was probably due to infiltration of the sewage system by ground 
water. 
 
WTP, located at Werribee, treats about 60% of Melbourne’s sewage. The treatment 
process is a modern lagoon treatment system (a sequential activated sludge–lagoon 
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treatment process). The treated water can be recycled for various on-site or off-site 
applications after disinfection. However, the salt content of the recycled water limit its 
long term sustainable use for some applications, such as agriculture. Therefore, the 
plant is now looking at upgrading its water reclamation infrastructure, in which RO 
process will be added to reduce the salt content. A pilot-scale study demonstrated that 
the product water was suitable for various applications including agriculture and 
domestic use. Consequently, ROC produced from WTP secondary effluent is of 
particular interest in this project to provide useful information for WTP to develop 
appropriate management for the resulting ROC. Therefore, most experiments were 
conducted using the ROC produced from WTP. 
 
Interestingly, the most notable difference in the three effluents is salinity. ATP has the 
highest salinity followed by WTP, and WWTPA has the lowest (Table 3-2). This 
combination provided the means for investigating the efficiency of UV/H2O2 and 
potential biological treatment over a salinity range from low to high. 
 
Table 3-2. General characteristics of the three effluent types used in this project
Parameters Units WWTPA WTP ATP 
pH - 6.6 7.7 7.3 
COD mg/L 41 ± 2.6 30 ± 3.5 42 ± 2.0 
DOC mg/L 11 ± 0.2 10 ± 0.04 11 ± 0.05 
A254 cm-1 0.36 0.2 0.2 
Colour at 455 nm Pt-Co mg/L 121 29 52 
EC μS/cm ~800 ~1800 ~6500 
 
3.3.2 Equipment and Procedures for Preparing the ROC 
The secondary effluent was pre-treated by microfiltration (MF) to remove particles 
before subjecting to RO. A pilot-scale low pressure membrane filtration rig designed 
by Blue H2O Filtration (Figure 3-2a) was used with a MF module (Microza® 
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polyvinylidene fluoride hollow fiber, 0.2 μm, Pall) as shown in Figure 3-2b. 
 
  
               (a) (b) 
Figure 3-2. (a) Overview of the MF rig (b) The MF module. 
 
 
(a) 
 
(b) 
Figure 3-3. (a) Overview of the RO rig (b) Schematic diagram of the RO process. 
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RO was performed using a Sepa cell crossflow module (GE-Osmonics, Minnetonka, 
MN) with a commercial polyamide membrane (AG, GE-Osmonics, Minnetonka, MN). 
The RO rig is shown in Figure 3-3a. The pressure was maintained at 20 Bar during 
operation and the temperature of the feed was kept at 20oC by use of a chiller. A 
schematic diagram of the RO process is given in Figure 3-3b. The process was 
stopped when the DOC of the ROC reached the desired value (usually ~20 mg/L). 
The ROC sample was then stored at 4oC. 
 
The ROCs produced from WWTPA, ATP and WTP are denoted as ROCA, AROC and 
WROC, respectively. Due to different collection days, the properties of effluent from 
the same plant varied, consequently, the properties of the ROCs prepared from the 
different samples were different. However, in order to enable direct comparison, the 
DOC of the ROC was maintained at ~20 mg/L except where indicated. A number 
system was used for the ROCs prepared on different dates. For example, the ROCA 
prepared on two different dates would be denoted as ROCA1 and ROCA2. Table 3-3 
summarises the characteristics of the three ROCs prepared on different dates. 
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Table 3-3. Characteristics of the ROCs prepared on different dates from the different effluents 
ROCA AROC WROC Parameter Units 
1 2 1 2 1 2 3 4 
COD  mg/L 67 65 105 92 67 69 65 78 
DOC  mg/L 20.9 21.5 20.6 20.7 21.4 20.2 21 25.3 
A254 /cm 0.52 0.56 0.41 0.41 0.42 0.34 0.41 0.49 
Colour at 455 nm  Pt-Co mg/L 188 122 92 97 54 23 88 82 
pH - 7.6 8.0 8.8 8.7 8.3 8.8 8.5 8.8 
Conductivity  μS/cm 1328 1253 14680 12370 3530 3300 2820 3650 
TDS mg/L NT 714 9190 7880 2120 1958 1685 2192 
Alkalinity (as CaCO3) mg/L NT 112 460 460 242 238 295 NT 
Sodium mg/L NT 205 NT 2346 600 NT 529 NT 
Potassium mg/L NT 39 NT 94 66 NT 66 NT 
Magnesium mg/L NT 19 NT 456 53 NT 56 NT 
Calcium mg/L NT 32 NT 156 47 NT 68 NT 
Zinc μg/L NT 4.6 NT 46 20 NT 20 NT 
Iron μg/L NT 2.2 NT 39 7.8 NT 8 NT 
Chloride mg/L NT 266 NT 4360 954 NT 780 NT 
Nitrate mg/L NT 37 NT 180 35 NT 35 NT 
Sulphate mg/L NT 176 NT 1488 207 NT 233 NT 
Phosphate mg/L NT 27 NT n.d. 38 NT 38 NT 
NT - Not tested.
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3.4 Analytical Methods and Measurements 
The analyses and measurements were conducted according to the Standard Methods 
for Examination of Water and Wastewater (APHA, 2005) unless specified otherwise. 
All samples were filtered through 0.45 μm membrane (cellulose acetate, 
ADVANTEC®) prior to the following analyses. 
 
3.4.1 Absorbance at 254 nm (A254) 
A254 was measured using a double beam scanning UV/vis spectrophotometer 
(UV2-100, 1 cm path-length cell, UNICAM). The absorbance of each sample was 
measured at least twice and average results were reported. 
 
3.4.2 Alkalinity 
The alkalinity of the samples was determined using titration method 2320 B (APHA, 
2005). Concentrated H2SO4 solution (Ajax, AR, 95 - 98%) was used for preparing the 
titrant, a solution of approximately 0.1 M H2SO4. The titrant was standardised using 
Na2CO3 solution (Ajax, AR, 99.9%). The concentration of the titrant was determined 
as 0.112 M, the average from triplicate analyses. 
 
3.4.3 Biodegradable Dissolved Organic Carbon (BDOC) 
The BDOC method of Joret and Levi (1986) was used to determine the 
biodegradability of the organic content in the variously treated samples as well as a 
surrogate for biological treatment. In a conical flask, 300 mL sample was exposed to 
100 ± 10 g thoroughly washed biologically active sand for five days under aerobic 
conditions (3 L of humidified air per hour). The DOC was measured daily and the 
BDOC was calculated as the initial DOC less the lowest DOC recorded over a 5-7 day 
period. 
 
To ensure that the sand was biologically active, a parallel acetate control (using 
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sodium acetate) was run with each batch of BDOC experiments. A typical curve for 
DOC change in an acetate control experiment is given in Figure 3-4. An acetate 
control without sand confirmed that the DOC removal was due to biological activity. 
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Figure 3-4. Acetate control curve for the validation of the biological activity of 
the sand (n=2). 
 
Due to the large volume required for BDOC tests, duplicate analyses for each sample 
were usually not possible. Therefore, in order to estimate the error associated with the 
analysis, triplicate BDOC tests were done for WTP effluent. Appendix 1 shows that 
the BDOC tests had high reproducibility with less than 5% variation. 
 
3.4.4 Chemical Oxygen Demand (COD) 
COD reagents were purchased from HACH, USA (low range 0 – 150 mg/L). 
According to the technical data sheet, the reagents were prepared according to 
Method 5220D (APHA, 2005). The measurement has an accuracy of 1 mg/L. With at 
least 2 duplicates, 2 mL sample was added to a reagent vial, gently shaken for 3 
51 
seconds, and then digested for 2 h at 148oC in Merck COD digester (Spectroquant® 
TR 420). The absorbance (λ = 420 nm) of the digested sample was measured by a 
HACH spectrophotometer (DR/4000U, program 2710, HACH, USA) or during the 
latter months of this research, a DR 5000 (program 430, HACH, USA) was used. If 
data variation was > 5%, additional analyses were conducted to validate the accuracy 
of the results. The replicate results were averaged and reported. According to the 
manufacturer, the COD reagent only can tolerate a chloride concentration up to 2000 
mg/L. Therefore, for samples with high chloride concentration, dilution was 
performed to control the chloride concentration below the limit. 
 
3.4.5 Colour 
The true colour of the samples was measured in Pt-Co units at 455 nm using a 
spectrophotometer (DR/4000U, program 1670, HACH, USA). 
 
3.4.6 Determination of the concentration of stock H2O2 solution 
The concentration of stock H2O2 solution (ACR, 50% w/w) was verified using the 
potassium permanganate (KMnO4) titration method (H2O2.com, 2009). KMnO4 
solution of approximately 0.1 N (AR, Standard Laboratories Pty. Ltd, Melbourne) was 
made and then was standardised with sodium oxalate solution (Na2C2O4, Aldrich 
A.C.S reagent). The average concentration for KMnO4 solution was determined as 
0.1047 ± 0.0006 N after 4 repetitions. 
 
The H2O2 stock solution was weighed accurately and diluted to 250 mL with MilliQ 
water. Diluted H2O2 (25 mL) was transferred to an Erlenmeyer flask with 100 mL 
H2SO4 (ratio of concentrated H2SO4 (98%) to MilliQ water is 1:15) and titrated with 
the standardised 0.1 N KMnO4 solution. The volume of the KMnO4 solution required 
to establish a permanent pink colour in the solution was recorded. After 4 repetitions, 
the actual concentration of the H2O2 stock solution was then calculated 
stoichiometrically as 49% w/w. 
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3.4.7 Determination of residual H2O2 concentration by Merckoquant® 
Merckoquant® peroxide test strips (Merck) were used for colorimetric indication of 
the presence of hydrogen peroxide. The concentration of residual H2O2 was 
semi-quantified by visual comparison of the reaction zone of the test strip with a 
colour scale (0, 0.5, 2, 5, 10 and 25 mg/L) as shown in Figure 3-5. 
 
Figure 3-5. Colorimetric indication of hydrogen peroxide concentration using 
Merckoquant® peroxide test strip. 
 
A control experiment was performed to validate the possible interference caused by 
the inorganic and organic content in the ROC. Known concentration of H2O2 (0, 5, 10 
and 25 mg/L) were spiked into MilliQ water and WROC4. Then the H2O2 
concentration was measured using the test strip. As shown in Appendix 2, WROC4 
had no effect on the measurement and therefore there was no interference for 
measuring the peroxide in the ROC by the test strip.  
 
3.4.8 Dissolved Organic Carbon (DOC) 
A Sievers 5310 C TOC analyzer (GE, Boulder, Co.) with an auto-sampler (Sievers 
900; GE, Boulder, Co.) and an inorganic carbon removal module (Sievers 900 ICR; 
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GE, Boulder, Co.) was used for DOC measurement. The analyser has an accuracy of 
0.01 mg/L. For each analysis, the sample was analysed for at least four repetitions. If 
the result variation was >5%, the samples were re-analysed for DOC, results were 
averaged and reported. The chloride concentration over 0.05% may inhibit the 
oxidation of organics during DOC analysis resulting in lower reading than the actual 
value (APHA, 2005). Therefore, some samples were diluted prior to DOC analysis to 
control the chloride concentration below that limit. 
 
3.4.9 Fluorescent Excitation Emission Matrix (EEM) Spectra 
The EEM spectra of the samples were obtained with a PerkinElmer LS55 
fluorescence spectrometer. The results were processed by FL Winlab software 
(PerkinElmer Applications). An add-on software (3D Exporter) was used for 
exporting the 3D EEM data. The 3D data was then used for the calculation of the 
EEM volumes by mathematical integration using MS Excel. 
 
3.4.10 High Purity Water (MilliQ) 
The high purity water used in this study was produced by a Milli-Q Gradient A10 unit 
(Millipore). The water produced had a total organic carbon concentration of less than 
5 ppb and an electrical conductivity of approximately 0.05 μS/cm. 
 
3.4.11 Ion Chromatography 
Anions in ROC, including bromide, chloride, fluoride, nitrate, sulphate and 
orthophosphate were measured by ion chromatography (Dionex 2010i) with a 
separation column (Ionpac A54A-SC, 4 × 250 mm). The ion chromatography was 
cording to Method 4110B (APHA, 2005). The eluent solution, containing 1.7 mM 
NaHCO3 and 1.8 mM Na2CO3, carried the injected sample at a flow rate of 1 mL/min. 
The results were processed by an integrator (Hewlett Packard 3390A). 
 
3.4.12 pH, Electrical Conductivity (EC) and Total Dissolved Solids (TDS) 
A HACH Sension 156 pH/conductivity meter was used for measuring the pH and EC. 
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The TDS was obtained by converting the EC using the internal software pre-installed 
in the pH/conductivity meter. 
 
3.4.13 Residual H2O2 Decomposition by Catalase 
The presence of H2O2 interferes with many measurements such as COD, A254 and 
BDOC and therefore was removed before these analyses. The agent for removing 
residual H2O2 was catalase (Sigma, from bovine liver). Catalase powder (25 mg, 
activity of 3691 units/mg solid) was dissolved in 25 mL of phosphate buffer (1.17 g 
Na2HPO4 and 0.57 g KH2PO4 in 250 mL MilliQ water, pH 7). The solution was 
divided into small portions and frozen at -20oC to prevent loss in activity. The frozen 
solution was thawed at 4oC before use. 
 
Ten μL of the catalase solution was added to every 25 mL of sample. The resultant 
increase in COD and DOC due to the added catalase was determined as < 1 mg/L for 
COD and ~ 0.05 mg/L for DOC. With at least 2 h of shaking at 100 rpm at 20oC, the 
concentration of residual H2O2 was reduced to ~ 0.5 mg/L, which was considered 
negligible and therefore would not affect other analyses according to Kang et al. 
(1999). 
 
3.4.14 Liquid Chromatography – Organic Carbon Detection (LC-OCD) 
Molecular size distribution was determined using LC-OCD at the Water Research 
Centre of the University of New South Wales, Australia. The LC-OCD system 
(LC-OCD Model 8, DOC-Labor Dr. Huber, Germany) separates the organic 
molecules with different molecular size (i.e., 100-200,000 Da) using a size exclusion 
chromatography column (Toyopearl TSK HW-50S, diameter 2 cm, length 25 cm). The 
chromatograms were processed using the Labview based program Fiffikus 
(DOC-Labor Dr. Huber, Germany). 
 
3.4.15 Trihalomenthane Formation Potential 
Trihalomethane formation potential (THMFP) of the selected samples was evaluated 
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by ALS Laboratory Group (Melbourne laboratory). The samples were chlorinated 
according to Standard Methods 5710B (APHA, 2005), then, the samples were added 
directly to the purge & trap system, where the volatiles were purged and concentrated 
before being analysed on the GC/MS. 
 
3.4.16 Microtox 
Microtox analysis was also conducted by ALS Laboratory Group (Melbourne 
laboratory). The analysis used the luminescent bacteria, Vibrio fisheri. The 
luminescence of the bacteria is related directly to cellular respiration. If there is any 
inhibition of cellular activity (i.e., toxicity), there will be a decreased rate of 
respiration and a corresponding decrease in luminescence. The test system measures 
the light output of the bacteria after they have been challenged by a sample, and 
compares it to the light output of a control/reagent blank that contains no sample. A 
difference in light output (between the sample and the control) is attributed to the 
effect of the sample on the V. fischeri. 
 
3.5 UVC Lamp Intensity Determination 
H2O2 actinometry (Beltran et al., 1995) was used for determining the intensity of the 
UVC lamp (254 nm). The method for measuring the H2O2 concentration in this study 
is described in Bader et al. (1988). N,N-diethyl-p-phenylenediamine (DPD) can be 
oxidised by H2O2 and converted to a pink substance in the presence of horseradish 
peroxidase (Sigma). The pink substance absorbs at 551 nm and therefore can be 
quantified by spectrophotometry. 
 
Hydrogen peroxide stock solution, standardised as per Section 3.4.6, was used in the 
preparation of the standards. The standard curve is presented in Appendix 3. 
According to Beltran et al. (1995), when the H2O2 concentration is more than 0.02 M, 
the rate of the photolysis reaction in Equation 3-1 follows zero-order kinetics with 
regard to the quantum yield and intensity, i.e., the quantum yield = 1 mol 
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H2O2/einstein. 
 
2H2O2 + hv   2H2O + O2 Equation 3-1 
 
As shown in Figure 3-8, aeration in the absence of UV irradiation led to negligible 
effect on the H2O2 concentration. The total absorbed light intensity was determined as 
1.28 x 10-5 einstein/s. The fluence rate (mJ /s /cm2) is defined as the total energy of all 
wavelengths passing from all directions through an infinitesimally small sphere of 
cross sectional area divided by the surface area (Bolton, 2001), which can be 
described by Equation 3-2. 
 
Area
10  intensity)light  absorbed  total (U  rate Fluence
3  Equation 3-2 
 
Where U is the radiant energy of one einstein (J/einstein) and can be calculated 
through Planck’s law of radiation (Equation 3-3). 
 

AhcNU   Equation 3-3 
 
Where h is Planck’s constant (6.626 x 10-34 J.s), c is speed of light (2.997 x 108 m/s), 
NA is Avogadro’s number (6.022 x 1023 /mol), and λ is the wavelength used (254 nm). 
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Figure 3-6. H2O2 reduction under UVC radiation for the determination of the 
intensity of the UVC lamp. 
 
With known total absorbed light intensity (1.28 x 10-5 einstein/s) and surface area 
(reactor surface area 464 cm2), the average fluence rate of UVC lamp was calculated 
as 12.89 mJ /s /cm2. 
 
3.6 VUV Lamp Intensity Determination 
The VUV actinometry procedure was adopted from Heit et al. (1998) where methanol 
was used as probe compound. Although methanol has a high absorbance in the VUV 
spectral region, about eight times higher than water, the degradation of methanol 
under VUV irradiation is principally due to the reaction with •OH. This is attributed to 
the much higher concentration for water (55 mol/L) than for methanol (~250 mM/L). 
Therefore, all the photons are presumably absorbed by water molecules (Heit et al., 
1998). The molar absorptivities and quantum yields of •OH reactions with methanol 
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have been reported in the previous literature (Heit et al., 1998). Moreover, methanol 
does not absorb irradiation at 254 nm nor react with molecular ozone (Hoigné et al., 
1988), meaning that the 254 nm component of VUV lamp has no effect on 185 nm 
actinometry. Hence the radiation intensity at 185 nm can be determined. 
 
The concentration of methanol was quantified using a Varian Gas Chromatography 
system (Model: GC-450) with capillary column (FactorFourTM, VF-WAXms, 15 m, 
0.25 mm, 0.25 μm). The HPLC grade methanol (≥ 99.7%, Scharlau) was used for 
preparing the standards. Samples (1 μL) were injected into the column by an 
autosampler. The initial oven temperature was held at 100°C for 1 min and then 
increased to 150°C at 25°C/min. The data were processed by Varian Galaxie 
Chromatography Data System software (Version 1.9.301.220). The calibration curve 
is presented in Appendix 4. According to Sharp (1990), methanol is readily oxidised 
by air. Therefore, besides the VUV irradiation experiment, a control experiment was 
also conducted to determine the depletion rate of methanol due to aeration (Figure 
3-9). The depletion rates under aeration and VUV-aeration were found to be 2.00 
mM/h and 6.81 mM/h, respectively. Hence the real methanol removal rate due to 
VUV irradiation was 4.81 mM/h. Then the VUV radiation intensity (Po) was 
calculated as 1.89 x 10-6 einstein/s according to Equation 3-4. 
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Figure 3-7. Methanol depletion under aeration only and VUV irradiation & 
aeration. 
 

Vr
Po
 
dt
]MeOH[  Equation 3-4 
 
Where Po is the intensity of irradiation or the absorbed photon rate of methanol 
degradation (einstein/s), Φ is the quantum yield of methanol degradation (0.635) (Heit 
et al., 1998), Vr is the volume of the reactor (0.9 L), 
dt
]MeOH[  is the depletion rate of 
methanol under VUV radiation. 
 
The average fluence rate of the 185 nm component was calculated using Planck’s law 
(Equation 3.2 and 3.3) and found to be 2.64 mJ /s /cm2. The fluence rate of the 254 
nm component was calculated theoretically because the 185 nm component interferes 
with the 254 nm actinometry. According to Thomson (2002), the intensity of the 254 
nm component for VUV lamp can be calculated by the ratio of the power inputs (46 
W/39 W) times the intensity of the UVC lamp (Fluence rate = 
39
46  12.89 = 15.20 mJ 
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/s /cm2). Therefore, the total average fluence rate for VUV lamp was calculated as 
17.84 mJ /s /cm2 by adding the 185 nm and 254 nm components. 
 
The delivered UV dose for UVC and VUV lamps was calculated by multiplying the 
corresponding fluence rates with irradiation times (seconds). The plot of UV dose 
against irradiation time for both lamps is presented in Appendix 5. 
 
3.7 Procedure for UV/H2O2 Treatment of ROC 
The ROC, prepared as per Section 3.3, was warmed to room temperature, namely 
20oC. In some experiments, the pH of ROC was adjusted with 1 M H2SO4 or 1 M 
NaOH; NaCl (Analytical Reagent Grade) and MgSO4 (BDH Chemicals, General 
Purpose Reagent) were used for salinity adjustment, as indicated. The ROC of 1 L 
volume was then spiked with the selected dose of H2O2 and manually mixed with a 
clean glass stirrer. The solution (0.1 L) was poured through the UV reactor first to 
rinse it, and then 0.9 L was poured into the reactor before turning on the lamp. During 
the reaction, the solution was mixed by pumping humidified air through the four 
diffusers located at the bottom of the sample chamber. Irradiated samples were taken 
periodically and the residual H2O2 was measured using Merckoquant® strips. Catalase 
was added to the sample to remove the peroxide and water quality analyses were 
conducted once the residual H2O2 was below 0.5 mg/L. 
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4. Treatment of the ROCs Produced from Three WWTP 
Effluents by the UV/H2O2 Process 
This chapter covers the UV/H2O2 treatment of three ROCs, namely, ROCA, AROC 
and WROC. Section 4.1 describes a preliminary study of the UVC/H2O2 and 
VUV/H2O2 processes for treating ROCA. Sections 4.2 to 4.4 include the treatment of 
the three ROCs by the UVC/H2O2 process at different H2O2 dose. A summary of the 
findings from Section 4.2 to 4.4 is given in Section 4.5. Section 4.6 provides a 
comparison of the UVC/H2O2 treatment on the three ROCs. 
 
4.1 Preliminary Study 
This section presents the preliminary studies on UV/H2O2 treatment of ROCA. Two 
types of lamps were used: UVC (254 nm) and VUV (254 + 185 nm). The initial H2O2 
dose for both systems was 1.7 mM. ROCA1 was used in this study, whose 
characteristics are given in Table 3-3. The ROC was subjected to UV irradiation for 3 
h and COD, DOC, A254, colour and fluorescence were monitored. The BDOC of 
samples after 3 h irradiation were measured. 
 
4.1.1 Comparison of UVC/H2O2 and VUV/H2O2 Processes 
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Figure 4-1. (a) COD and (b) DOC reduction by UVC/H2O2 and VUV/H2O2 
treatment. 
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Reduction in COD and DOC followed similar trends, with a higher rate and greater 
extent of reduction for both for the VUV/H2O2 system (Figure 4-1a and 4-1b). This 
can be explained by the higher concentration of •OH present due to the photolysis of 
water at 185 nm for the VUV lamp (Oppenländer, 2003). Furthermore, VUV 
irradiation can lead to the formation of H2O2 via a series of reactions described in 
Equations 4-1 to 4-4, and the breakdown of DOC leading to the formation of peroxide 
precursor compounds (Frimmel, 1994), and thus provide further sources for the 
production of hydroxyl radicals at 254 nm. As a result, higher concentrations of 
peroxide were present in the VUV/H2O2 system during the first 30 minutes (Table 
4-1). 
 
e-(aq) + 3O2 VUV  O2-• Equation 4-1 
O2-• + H+   HO2• Equation 4-2 
O2-• + HO2•   HO2- + O2 Equation 4-3 
HO2- + H+  H2O2  Equation 4-4 
 
Table 4-1. Concentration of H2O2 during irradiation 
H2O2 Concentration (mg/L) 
Time (min) 
VUV/H2O2 UVC/H2O2 
10 >25 25 
20 25 10 
30 10 5 
60 2 2 
90 0.5 0.5 
120 <0.5 <0.5 
180 <0.5 <0.5 
 
 
63 
For both systems, the reaction rate decreased with time, which was attributed to the 
reduction in the concentration of hydroxyl radical due to the consumption of the 
added H2O2 (Table 4-1). On the other hand, the remaining organics may be more 
resistant to UV photolysis or •OH, which may also contribute to the decreasing 
reduction rate. After 3 hours of irradiation, reductions in DOC of 46% and 64% were 
obtained for UVC/H2O2 and VUV/H2O2, respectively.  
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Figure 4-2. (a) A254 and (b) Colour reduction by UVC/H2O2 and VUV/H2O2 
treatment. 
 
Absorbance at 254 nm (A254) is mainly due to the presence of conjugated bonds and 
aromatic rings in organic compounds, these compounds may also be chromophoric. 
Breakage of these bonds can lead to an increase in the biodegradability of the organic 
matter (Buchanan et al., 2004). 
 
Similar trends were observed for the reduction in A254 and colour for both the 
UVC/H2O2 and VUV/H2O2 systems (Figure 4-2a and 4-2b). As for COD and DOC, 
the rate and extent of reduction was greater for the VUV/H2O2 system, and this was 
attributed to the higher concentrations of H2O2 and •OH in this system. A254 and 
colour reduction was much faster than for COD and DOC, indicating rapid 
breakdown of the conjugated and chromophoric structure in the organic compounds. 
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To investigate the fate of some of the organic components in the ROC, EEM spectra 
of selected samples were obtained. EEMs provide 3-dimensional plots of the intensity 
of molecular excitation and emission in the UV-visible wavelength range that can be 
used for providing a “fingerprint” of dissolved organic compounds. EEM spectra 
were divided into five regions: regions I and II contain peaks at shorter excitation and 
emission wavelengths, which are related to simple aromatic proteins (Determann et 
al., 1994). Region III comprises peaks which are associated with fulvic acid-like 
materials (Nguyen et al., 2005). Region IV consists of peaks which are related to 
soluble microbial product (SMP)-like materials (Sheng and Yu, 2006). Region V 
includes peaks which are associated with humic acid-like organics (Mounier et al., 
1999). 
 
The EEM used for this section of the study was for qualitative rather than for 
quantitative purpose. Therefore, the possible inherent quenching effect for EEM 
analysis due to high organic loadings was not taken into account. For the untreated 
ROC there were two major peaks located in regions V (humic acid-like) and III 
(fulvic acid-like) (Figure 4-3a), respectively. Humic substances are complex with 
multifunctional aromatic components linked chemically and physically by a variety of 
aliphatic constituents (Orlov et al., 1975). Their high degree of conjugation is 
associated with low biodegradability (Tranvik, 1998a). The EEM results suggested 
that utilisation of the VUV/H2O2 system led to more rapid and greater breakdown of 
the fluorophores (Figures 4-3b and 4-3c), which was consistent with the A254 and 
colour results. 
 
Interestingly, the spectra at 120 min for both systems show that the peak in region V 
(humic acid-like substances) had migrated from λex/em=340/425 nm to λex/em=410/475 
nm and then disappeared on further treatment. This could be due to oxidation of the 
humic substances to intermediate products with different emission and excitation 
characteristics, or the presence of other fluorescent compounds in the ROC being 
revealed after oxidation of the humics, followed by their oxidation to non-fluorescent 
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products after 180 minutes. However, further studies may be required to understand 
this phenomenon. 
 
(a) 
 
 120 min 
  
                               180 min 
                 (b)                               (c) 
Figure 4-3: EEM spectra of samples of (a) ROC and during (b) UVC/H2O2 and 
(c) VUV/H2O2 treatment. 
 
 
DOC=20 mg/L 
DOC=12 mg/L DOC=10 mg/L 
DOC=11 mg/L DOC=8 mg/L 
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4.1.2 Biodegradability of Remaining Organics after UV/H2O2 Treatment 
The biodegradability of the ROC before and after oxidative treatment was determined 
using the BDOC method. A sample of the secondary effluent prior to RO was 
included for comparison. The biodegradability of the secondary effluent was similar 
to its ROC (Table 4-2). After 3 hours of treatment the biodegradability of the organic 
content was greatly enhanced by at least 3 times. The VUV/H2O2 system led to higher 
biodegradability than UVC/H2O2 system as shown in Table 4-2. Final concentrations 
of 5.3 mg/L and 2.7 mg/L DOC were obtained after UVC/H2O2-BDOC and 
VUV/H2O2-BDOC, respectively. 
 
Table 4-2. Biodegradability of organic content of the treated and untreated samples.
Sample DOC  (mg/L) 
BDOC 
(mg/L) 
Biodegradability 
(%) 
Total DOC 
Removal (%) 
WWTPA effluent 10.9 1.5 14 14 
ROCA 20.9 3.6 17 17 
3 h VUV/H2O2 7.6 4.9 64 87 
3 h UVC/H2O2 11.3 6 53 75 
 
4.1.3 Summary 
Using the same dose of H2O2, treatment with VUV/H2O2 was more rapid and more 
effective than with UVC/H2O2 for the degradation of the organic compounds in the 
ROC derived from WWTPA secondary effluent. This was attributed to the higher 
levels of •OH for the VUV system due to the production of •OH via the photolysis of 
water at 185 nm radiation, and the decomposition of additional H2O2 produced under 
VUV irradiation. 
 
The oxidation processes led to cleavage of the conjugated bonds and aromatic 
components of the organic substances such as humic acid-like and fulvic acid-like 
matter. This resulted in a rapid and marked reduction in the colour and some 
mineralisation of the organic content. This was accompanied by a 3-fold increase in 
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the biodegradability of the remaining organic content, making the treated ROC more 
suitable for subsequent biological treatment. A final water quality of 2.7 mg/L DOC 
was achieved (87% removal) with 3 h VUV/H2O2 followed by biodegradation, 
demonstrating the potential of the UV/H2O2 process for treating organics in the ROC. 
The positive results prompted further research on the UV/H2O2 process for the 
treatment of the ROC. 
 
4.2 Treatment of ROCA by UVC Irradiation with Various H2O2 
Doses 
In this set of experiments, ROCA2 was treated by the UVC/H2O2 process using 
various peroxide doses for 2 h. The peroxide dose was selected as 0, 2, 4, and 6 mM. 
The characteristics of ROCA2 are given in Table 3-3. 
 
4.2.1 Destruction of Organic Compounds during UVC/H2O2 Process 
UVC photolysis alone led to 21% removal of COD after 2 h (Figure 4-4a). The 
addition of H2O2 greatly enhanced the COD degradation due to the production of •OH 
via photolysis of H2O2 under UVC irradiation. Higher H2O2 doses led to faster and 
greater COD degradation. The COD degradation for ROCA2 can be modelled as a 
pseudo-first order reaction as described in Equation 4-5. However, the linear 
relationship between lnCOD0/lnCODt and irradiation time (t) is only valid up to 30 
min. This is because the model has the implicit assumption that •OH remains constant 
throughout the reaction (Tuhkanen, 2004). In real situations, H2O2 decomposes to •OH 
under UVC radiation and so its concentration decreases with reaction time. After 
some time (approximately 30 min), the H2O2 concentration will be insufficient for 
producing a steady concentration of •OH (Table 4-4) and so the reaction followed 
different kinetics. The reaction rate constants for the first 30 min were calculated and 
given in Table 4-3 and Figure 4-5. 
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Figure 4-4. (a) COD, (b) DOC, (c) A254 and (d) colour reduction during the 
UVC/H2O2 treatment of ROCA2 at different H2O2 concentrations. 
 
r =
t
COD

 = k[COD]  ln
0
t
COD
COD  = -kt Equation 4-5 
Where 
t
COD

 is the COD reduction rate (mg/min), [COD] is the COD 
concentration (mg/L), k is the reaction rate constant (min-1) and COD0 and CODt are 
the COD at irradiation time = 0 and t, respectively. 
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Table 4-3. COD reduction rate constant over the first 30 min for ROCA2 
H2O2 dose (mM) k (min-1) R2 
0 0.0034 0.95 
2 0.0152 0.99 
4 0.0218 0.98 
6 0.0271 0.98 
y = 0.0034x
R2 = 0.95
y = 0.0152x
R2 = 0.99
y = 0.0218x
R2 = 0.97
y = 0.0271x
R2 = 0.98
0
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Figure 4-5. Pseudo-first kinetics for COD reduction of ROCA2 for the first 30 
min. 
 
Table 4-4. Concentration of H2O2 (mg/L) during UVC/H2O2 processes for ROCA2 
Time (min) 2 mM 4 mM 6 mM 
10 >25 >25 >25 
20 25 >25 >25 
30 >10 25 25 
60 5 10 >5 
90 >0.5 2 <2 
120 <0.5 <0.5 0 
 
The reaction rate constant increased almost proportionally with increasing H2O2 dose 
up to 4 mM at a rate of 0.0049 /mM /min (Figure 4-6). The 6 mM H2O2 dose did not 
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lead to proportional improvement in the rate constant. As shown in Table 4-4, the 
H2O2 concentration decreased faster in the 6 mM system than in 4 mM system. This 
clearly showed that the quenching of •OH by the excess H2O2, where excess H2O2 
reacts with •OH at a rate of 2107 M-1 s-1 to form HO2• (Buxton et al., 1988), resulted 
in faster consumption of H2O2. The resultant HO2• has less reactivity and higher 
selectivity than •OH in its oxidation of organics resulting in reduction in reaction rate 
(Legrini et al., 1993). Therefore, at H2O2 dose ≤ 4 mM, the reaction rate k could be 
expressed as a function of H2O2 dosage: k = 0.0049 [H2O2] + 0.0034 (Figure 4-6). 
This observation is consistent with that of Chin et al. (2009). Nevertheless, it should 
be noted that the model is a basic and simplified tool for the estimation of the reaction 
rate for the process. Development of an accurate model is difficult due to the great 
complexity of the real wastewater (Gogate and Pandit, 2004b). 
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Figure 4-6. Relationship between reaction rate constant and H2O2 dose for 
ROCA2. 
 
The trends for DOC reduction (Figure 4-4b) were consistent with those for COD 
reduction. The decrease in both COD and DOC tended to plateau after 1 h for the all 
H2O2 doses. This was attributed to two reasons: (i) the decrease in •OH production 
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due to the depletion of the H2O2 at 1 h (Table 4-4) and (ii) the oxidation of the 
organics became limited due to the depletion of fast-reacting organics.  
 
For UVC alone, there was greater reduction (41% after 2 h) in A254 (Figure 4-4c) than 
in COD or DOC (Figure 4-4a and b). This was because the compounds with 
conjugated bonds and aromatic rings absorb the UVC radiation resulting in cleavage 
of these chemical bonds, but only little mineralisation of the resultant products. 
Addition of H2O2 introduced •OH to the system and so changed the oxidation 
mechanism from photolysis to hydroxyl radical reaction. It is clear that •OH 
effectively breaks down these complex chemical structures, as indicated by the large 
reduction in A254 (at least 90% removal after 2 h). The slowing down of A254 
reduction at 1 h coincided with that for COD and DOC reduction (Figure 4c), strongly 
suggesting that the fast reacting organics were mainly conjugated bond and aromatic 
ring species. 
 
ROCA2 had a yellowish appearance. Interestingly, the trend for colour reduction 
(Figure 4d) under UVC irradiation alone was different from those for COD, DOC and 
A254. The colour slightly increased to 125 Pt-Co mg/L and then decreased to 88 Pt-Co 
mg/L after 2 h reaction. ROCA2 had an iron concentration of 2.2 μg/L (Table 3-3). 
The humic substances can act as electron donors and thus can react with iron to form 
metal complexes (Frimmel, 1998). When large organic complexes are fragmented by 
UVC radiation, some precursors for colour formation (such as Fe3+) may be released. 
The resultant Fe3+ can be transformed to some iron species such as the hydrated ion 
(Fe(H2O)63+ (aq)) and hydroxo species like Fe(H2O)5(OH)2+ (Ebbing and Gammon, 
2009), which are both yellow. This is possibly the reason for the slight increase in 
colour during the UVC radiation. However, rapid colour reduction was observed in 
the presence of H2O2 (Figure 4-4d), suggesting that the chromophoric species were 
short lived in the presence of •OH. Almost complete decolourisation (at least 96% 
removal) was achieved by the UVC/H2O2 processes after 1 h. 
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4.2.2 Change of Biodegradable Organic Fraction after UVC/H2O2 Processes 
Only 9.8% of the organics in ROCA2 were biodegradable (Figure 4-6), which was 
within expectation because these organics had been already subjected to biological 
treatment in WWTPA. Although 2 h UVC irradiation led to little mineralisation, it 
could change the chemical structure of the organic pollutants present. Buchanan et al. 
(2004) demonstrated that the natural organic matter in drinking water became more 
biologically-accessible due to destruction of conjugated chemical structure by UVC or 
VUV irradiation. Westerhoff et al. (2009) also showed that UV/TiO2 advanced 
oxidation could increase the biodegradability of the organics in the ROC by 
converting the complex organics to the much simpler molecules which had low A254. 
As shown in Figure 4-4c, A254 reduction indicated that these conjugated structures 
were broken down under UVC radiation. As expected, the resultant intermediates 
were usually more biodegradable, which was indicated by the increased BDOC (4.9 
mg/L) after 2 h UVC radiation compared with the original ROCA2 (Figure 4-6). 
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Figure 4-7. Biodegradability of the organic content of ROCA2 before and after 
2h UVC irradiation at different H2O2 concentrations.  
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The addition of H2O2 not only greatly increased the mineralisation but also led to 
higher biodegradability of the remaining organics. When 2 mM H2O2 was used, a 
BDOC of 6.3 mg/L was obtained after 2 h, which was about 3 times that for untreated 
ROCA2 and accounted for 61% of the remaining organics. Doubling the H2O2 dose 
decreased the BDOC to 3.3 mg/L, this was because some of the biodegradable 
organics were mineralised by the higher •OH concentration during the UVC/H2O2 
process. A DOC reduction of 92% was achieved after 2 h UVC/4 mM H2O2 followed 
by bio-treatment as represented by the BDOC test, which was 10% more than with 2 
mM H2O2. Increasing the H2O2 dose from 4 to 6 mM led to comparable BDOC and 
residual DOC after BDOC, suggesting that there was ~2 mg/L DOC in ROCA2 
recalcitrant to the reaction conditions used. 
 
4.3 Treatment of AROC by UVC Irradiation with Various H2O2 
Doses 
AROC1 was treated by the UVC/H2O2 process for 3 h using peroxide doses of 0, 2, 4, 
and 6 mM. The characteristics of AROC2 are given in Table 3-3. AROC1 has a 
markedly higher salt content (~13 times) compared with ROCA2. Salts may interfere 
in UV-based AOPs. For example, chloride can partially absorb the UV irradiation 
resulting in less photo-energy penetrating the solution, leading to less photolysis and 
associated production of •OH (Gogate and Pandit, 2004b). Compared with ROCA2 
there was a significantly higher concentration of CO32-/HCO3- species in AROC1, as 
indicated by the 4 times higher alkalinity (Table 3-3), could potentially scavenging 
•OH, as discussed in Section 2.5.4. In addition, the different COD/DOC ratio between 
ROCA2 (3) and AROC1 (5.1) indicates that the nature of the organic matter in the 
two ROCs is different. Emmanuel et al. (2004) reported that organics with a higher 
ratio of COD/DOC were more difficult for micro-organisms to degrade. This is 
possibly due to more oxygen being required for the oxidation of the organic 
compounds with higher COD/DOC ratio. Hence, it is likely that the oxidation of the 
organics in AROC1 would be slower than in ROCA2 under the same reaction 
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conditions. 
 
4.3.1 Destruction of Organic Compounds during UVC/H2O2 Process 
Figure 4-7a shows that 2 h exposure to UVC alone again led to little reduction in 
COD (only 6%), which was 15% lower than for ROCA2. COD reduction was 
significantly improved by the addition of H2O2, with increasing H2O2 dose leading to 
faster and greater COD reaction. As for the treatment of ROCA2, the COD reduction 
in AROC1 by the UVC/H2O2 process could be modelled as a pseudo-first order 
reaction for the first 30 min. The reaction rate constants were calculated according to 
Equation 4-5 and are given in Table 4-5. 
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Figure 4-8. (a) COD, (b) DOC, (c) A254 and (d) colour reduction during the 
UVC/H2O2 treatment of AROC1 at different H2O2 concentrations. 
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Table 4-5. COD reduction rate constant in the first 30 min (AROC) 
H2O2 dose (mM) k (min-1) R2 
0 0.0027 0.94 
2 0.016 0.98 
4 0.0274 0.95 
6 0.0328 0.93 
 
As for ROCA2, the reaction rate had a linear relationship with H2O2 dose up to 4 mM, 
as shown in Figure 4-8. The reduced reaction rate at 6 mM was again attributed to the 
quenching effect by excess H2O2, as indicated by faster consumption of H2O2 in 6 
mM system (Table 4-6). Hence, up to 4 mM H2O2, the reaction rate constant for the 
COD degradation in AROC by the UVC/H2O2 process could be expressed as k = 
0.0063 [H2O2] + 0.0027. Under the same reaction conditions (i.e., H2O2 dose and 
irradiation time), the COD degradation extent was lower for AROC1 (e.g., 60% 
removal for 4 mM H2O2 at 2 h) than for ROCA2 (e.g., 75% removal for 4 mM H2O2 
at 2 h). 
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Figure 4-9. Relationship between reaction rate constant and H2O2 dose for 
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AROC1. 
 
The plateauing for DOC reduction (Figure 4-7b) was slightly slower than for COD 
reduction. Again, with same reaction conditions, DOC reduction extent for AROC1 
was lower (e.g., 51% removal for 4 mM at 2 h) than that in ROCA2 (e.g., 77% 
removal for 4 mM at 2 h), which was consistent with the observation for COD 
reduction. Moreover, with same initial H2O2 dose, the H2O2 consumption for AROC1 
(Table 4-6) was faster than that for ROCA2 (Table 4-4), indicating the greater •OH 
scavenging effect in AROC1. These phenomena confirmed the hypothesis made in the 
Section 4.3. 
 
 
 
 
 
Table 4-6. Concentration of H2O2 (mg/L) during UVC/H2O2 processes for AROC1
Time (min) 2 mM 4 mM 6 mM 
10 25 >25 >25 
20 10 25 25 
30 5 10 >10 
60 2 2 2 
120 0.5 0.5 0.5 
180 0 0 0 
 
A254 reduction was markedly faster and greater than for COD and DOC, which was 
attributed to rapid and extensive destruction of the conjugated bonds by •OH. The 
colour in AROC was reduced by at least 91% after 30 min UVC/H2O2 treatment for 
all H2O2 concentrations and complete decolourisation was achieved after 30 min for 
the UVC/6 mM H2O2 process (Figure 4-7d). 
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4.3.2 Change of Biodegradable Organic Fraction after UVC/H2O2 Processes 
 
The proportion of biodegradable organics in untreated AROC1 was 9.8% (Figure 4-9), 
corresponding to 2 mg/L DOC. UVC radiation broke down the large compounds to 
more biodegradable intermediates resulting in a higher BDOC of 3.7 mg/L after 3 h, 
which corresponded to 23% of the remaining DOC. Addition of 2 mM H2O2 further 
increased the BDOC and biodegradability to 4.7 mg/L and 37%, respectively. 
Increasing the H2O2 to 4 mM led to a comparable BDOC (4.9 mg/L); however, the 
remaining DOC was reduced from 8 to 5.1 mg/L, corresponding to an overall DOC 
removal of 75%. However, there was no obvious improvement when H2O2 dose of 6 
mM was applied (Figure 4-9) due to the presence of ~5 mg/L DOC in AROC1 being 
recalcitrant to the conditions employed. 
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Figure 4-10. Biodegradability of the organic content of AROC1 before and after 
3h UVC/H2O2 treatment at different H2O2 concentrations. 
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4.4 Treatment of WROC by UVC Irradiation with Various H2O2 
Doses 
This section details the UVC/H2O2 treatment of WROC1 at peroxide doses of 0, 1, 2, 
3, 4, and 6 mM over the irradiation time of 3 h. The characteristics of WROC1 are 
given in Table 3-3. 
 
4.4.1 Destruction of Organic Compounds during UVC/H2O2 Process 
The COD removal of 13% was obtained after 3 h of exposure to UVC alone (Figure 
4-10a), which was between those for ROCA2 (21%) and AROC1 (9.8%). This may be 
attributed to the intermediate concentration of salinity and alkalinity in WROC1 
compared with the other two ROCs. Similar trends for COD were obtained for 
WROC1 as for ROCA2 and AROC1. Significant improvement in COD reduction was 
observed in the presence of H2O2, with increasing H2O2 dose leading to faster and 
larger COD reduction. The pseudo-first order reaction also applied for the COD 
reduction over the first 30 min in WROC1. The reaction rate constants were 
calculated according to Equation 4-5 and are given in Table 4-7. 
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Figure 4-11. (a) COD, (b) DOC, (c) A254 and (d) colour reduction of WROC1 
during the UVC/H2O2 treatment at different H2O2 concentrations. 
 
 
 
 
 
 
 
Table 4-7. COD reduction rate constant in the first 30 min (WROC1) 
H2O2 dose (mM) k (min-1) R2 
0 0.0036 0.99 
1 0.0093 0.99 
2 0.0126 0.99 
3 0.0136 0.99 
4 0.0149 0.99 
6 0.0207 0.99 
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Figure 4-12. Relationship between reaction rate constant and H2O2 dose for 
WROC1. 
 
 
 
 
 
Table 4-8. Concentration of H2O2 (mg/L) during UVC/H2O2 processes for WROC1
Time (min) 1 mM 2 mM 3 mM 4 mM 6 mM 
10 25 >25 >25 >25 >25 
20 10 25 25 >25 >25 
30 5 10 10 25 25 
60 2 5 5 5 10 
120 <0.5 <0.5 0.5 <0.5 0.5 
180 0 0 0 0 <0.5 
 
Plotting the reaction rate constant against H2O2 dose (Figure 4-11) demonstrated that 
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the rate constant increased proportionally with increasing H2O2 dose up to 2 mM. The 
H2O2 dose ≥ 3 mM led to disproportionately less improvement in COD reduction rate. 
Similar to the observation for ROCA2 and AROC1, the H2O2 consumption (Table 4-7) 
increased with increasing H2O2 dose, implying that the quenching of •OH by H2O2 
was greater at higher peroxide concentration. Therefore, for ≤ 2 mM H2O2, the 
reaction rate constant for the COD degradation in WROC1 could be expressed as k = 
0.0047 [H2O2] + 0.0036. However, it should be noted the accuracy of this model 
may be limited due to insufficient data points. 
  
The trends for DOC reduction were consistent with those for COD reduction (Figure 
4-11b). Similarly, A254 reduction was faster and greater than COD and DOC reduction, 
with at least 80% reduction in A254 after 1 h. Similar to ROCA2 treatment the colour 
of WROC1 during UVC treatment alone increased from 54 to 69 mg Pt-Co/L in the 
first 30 min, it then decreased to 36 mg Pt-Co/L at 3 h, which was possibly due to the 
formation of chromophoric ferric complex from the iron present in WROC1 (7.8 μg/L; 
Table 3-3). However, rapid colour reduction was observed in the presence of H2O2, 
for which at least 87% (corresponding to 47 mg Pt-Co/L) was removed after only 1 h 
reaction time for all H2O2 concentrations. 
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4.4.2 Change of Biodegradable Organic Fraction after UVC/H2O2 Processes 
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Figure 4-13. Biodegradability of the organic matter in WROC1 before and after 
3 h UVC/H2O2 treatment at different H2O2 concentrations. 
 
The BDOC of untreated WROC was 2.3 mg/L, accounting for 11% of the organic 
content. The BDOC increased to 3.7 mg/L after 3 h exposure of UVC alone, 
corresponding to 22% of the remaining organic content. Addition of H2O2 up to 6 mM 
led to decreasing BDOC and no biodegradable products were detected after 3 h for the 
UVC/6 mM H2O2 process. This might be attributed to two reasons: i) the 
mineralisation of the biodegradable intermediates during the UVC/H2O2 phase was 
greater in the presence of higher H2O2 concentration resulting in less BDOC 
remaining; ii) some of the organics in WROC cannot be converted to biodegradable 
intermediates under these conditions. However, the final DOC removal (i.e., after 
BDOC) was improved with the increasing H2O2 concentration and reached maximum 
value of 83% at 6 mM. This suggested that the removal of remaining organics 
requires more UVC photo-energy or •OH. However, it may be not economic and 
practical as the improvement was not significant on increasing H2O2 dose from 3 to 6 
mM (from 78% to 83%) and the mineralisation by UVC/H2O2 was very slow when 
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DOC reached to the plateau reduction after 1 h (Figure 4d). 
 
4.5 Summary of Findings for UVC/H2O2 Treatment of the Three 
ROCs of Different Origin 
Three ROCs produced from three different WWTPs: ROCA2, AROC1 and WROC1, 
were treated by the UVC/H2O2 process. The properties of the three ROCs varied 
significantly. The salinity and alkalinity level in the three ROCs followed the order: 
AROC1 > WROC1 > ROCA2. Although the DOC for the three ROCs was similar 
(~20 mg/L), AROC had a COD ~1.7 times higher than the other two ROCs. 
 
UVC treatment alone for the three ROCs was not sufficient to achieve adequate 
removal of COD and DOC. However, A254 reductions were markedly faster and 
greater than those for COD and DOC, indicating that the organics in the three ROCs 
absorbed UVC irradiation resulting in fragmentation of their conjugated bonds and 
aromatic rings. This was accompanied with a little mineralisation of the resultant 
compounds. An initial colour increase in ROCA and WROC was observed under 
UVC alone, which was attributed to the formation of chromophoric iron complexes 
(Ebbing and Gammon, 2009).  
 
Addition of H2O2 greatly enhanced the oxidation performance in terms of faster and 
greater reduction in COD, DOC, A254 and colour. The COD degradation followed a 
pseudo-first order reaction for the first 30 min (UV dose 23 J/cm2). The process 
followed different reaction kinetics subsequently because the concentration of H2O2 
was insufficient to maintain a steady state concentration of •OH due to its 
consumption via photolysis and therefore could not be modelled. Due to the great 
complexity of the system, the kinetics after 30 min treatment were not investigated. 
 
The trends for DOC reduction were consistent with those for COD reduction. The 
COD and DOC reduction tended to plateau with reaction time due to either the 
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depletion of added H2O2 or the complete destruction of fast reacting organics. A254 
and colour reduction were markedly faster and greater than those for COD and DOC, 
indicating that •OH preferentially attacked the UV-absorbing and chromophoric 
compounds, the destruction of which was rapid and progressive. 
 
The three ROCs had a low biodegradability (~10%) prior to the UVC/H2O2 process. 
Although treatment with UVC alone led to little mineralisation, it doubled the 
biodegradable content after either 2 (93 J/cm2) or 3 h (139 J/cm2). For the same 
irradiation time, coupling UVC with H2O2 further enhanced the biodegradability of 
the remaining organics by 2.6-6.7 times, depending on the type of ROC and H2O2 
dose, indicating the potential for subsequent biological treatment. Although •OH 
possesses strong oxidising ability, some DOC in the three ROCs (~10% for ROCA 
and ~20% for AROC and WROC) was resistant and was not converted to BDOC 
under the conditions used. This is usually recognised as the limiting step for UV-based 
AOPs (Westerhoff et al., 2009). The highest DOC removal after the tested UVC/H2O2 
processes followed by BDOC was 93% for ROCA2, 78% for AROC1 and 83% for 
WROC1, corresponding to a residual DOC of less than 5 mg/L, i.e., less than 50% of 
the DOC in the original RO feed (Table 3-2). Overall, the DOC removal was 
comparable with those by other UV-based AOPs. For example, Westerhoff et al. (2009) 
reported that a maximum DOC removal of 91% was achievable with a 
UVC/TiO2-BDOC system during the treatment of a ROC. With coagulation 
pre-treatment, Zhou et al. (2010) obtained the DOC removal of 95% and 72% for 
UVC/TiO2 and UVA/TiO2 processes, respectively, after 6 h. Since those two UV/TiO2 
systems used suspended catalyst particles, concerns may arise regarding their 
separation and recycling, which can be an inconvenient, time-consuming and 
expensive process (Ray and Beenackers, 1998). Moreover, the solution might be less 
UV penetrable in the presence of the suspended catalyst particles (Ray and 
Beenackers, 1998). Although a similar issue exists for UV/H2O2 processes, the 
residual H2O2 concentration after the UVC/H2O2 process is usually low and can be 
effectively decomposed by several ways (H2O2.com, 2011). Therefore, with the 
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regard to DOC removal, the hybrid UVC/H2O2 and biological treatment may provide 
an alternative for treating ROC produced from municipal effluent, which may be 
more economic and practical. 
 
Although higher H2O2 dose or longer UVC irradiation may lead to greater 
mineralisation of the organics in the ROC, it is not economic due to the high energy 
and chemical consumption and long treatment time. Overall, AROC showed the 
greatest resistance to the UVC/H2O2 process, demonstrating that ROCs produced 
from different sources affect the efficiency of the UVC/H2O2 process. Hence, it is 
necessary to investigate the possible factors affecting the process to establish a better 
understanding, which may serve as useful information for the design and further 
optimisation of an industrial-scale process. 
 
Two approaches were employed for this purpose. Firstly, three ROCs were treated by 
the UVC/H2O2 process under the same reaction conditions to investigate the effects of 
different ROC sources. The results and discussion are presented in Section 4.6. 
 
Secondly, the effects of different reaction parameters on the UVC/H2O2 process were 
investigated, including UV wavelength, pH, salinity, H2O2 dosing mode, initial 
organic matter loading, and irradiation time. That study is covered in Chapter 5. 
 
4.6 Comparison of Organic Removal from the Three ROCs by the 
UVC/H2O2 Process 
This section compares the UVC/H2O2 treatment performance for the three different 
ROCs using the same reaction conditions for 2 h. The H2O2 concentration was 
selected as 4 mM because quenching by H2O2 becomes significant at higher H2O2 
dose as shown in the previous results for treatment of ROCA2 and AROC1. Although 
H2O2 quenching effect for UVC/H2O2 treatment of WROC1 was observed at H2O2 ≥ 3 
mM, 4 mM H2O2 was used for WROC in this study for comparison. The three ROCs 
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used in this study were ROCA2, AROC2 and WROC2. Table 3-3 shows that the DOC 
of the three ROCs was similar (20-21 mg/L); however, the COD of AROC2 (92 mg/L) 
was the highest compared with ROCA2 (65 mg/L) and WROC2 (67 mg/L). The other 
characteristics for the three ROCs are presented in Table 3-3. 
 
The change of COD, DOC, A254, and colour were monitored throughout the treatment. 
In addition to the bulk water parameters, change in the organic species during the 
UVC/H2O2 process was investigated via EEM and LC-OCD techniques. Furthermore, 
the production of biodegradable products was monitored by measuring the BDOC 
during the reaction. 
 
4.6.1 Bulk Water Parameters of the Three ROCs during the UVC/H2O2 Process 
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Figure 4-14. (a) COD, (b) DOC, (c) A254 and (d) colour reduction during the 
UVC/4 mM H2O2 treatment of ROCA2, AROC2 and WROC2. 
 
Due to the different properties of the three ROCs, all the results were normalised to 
allow comparison. The sequence for COD reduction rate was: ROCA2 > WROC2 ≈ 
AROC2 (Figure 4-13a). However, the sequence for DOC reduction rate was: ROCA2 
≈ WROC2 > AROC2 (Figure 4-13b). Therefore, it appears that the resistance for the 
oxidation of organic pollutants by the UVC/H2O2 process follows the order: AROC2 
> WROC2 > ROCA2, which was consistent with the previous results. As discussed in 
Section 4.3, salinity and CO32-/HCO3- species can inhibit the UVC/H2O2 oxidation of 
the organics. AROC2 had the highest salinity and alkalinity among the three ROCs 
(Table 3-3). This was further compounded by more recalcitrant organics in AROC2 as 
indicated by the higher COD/DOC ratio compared with those in ROCA2 and WROC2. 
Therefore, it was not surprising that the oxidation of the organics in AROC2 was most 
difficult. Similarly, the slower oxidation of the organics for WROC2 compared with 
that for ROCA2 was attributed to effects of higher salinity and/or alkalinity in 
WROC2. However, according to later study (Section 5.3), salinity appeared to have 
little effect on the UVC/H2O2 treatment for the ROC and therefore should be much 
less important than alkalinity for causing the unfavourable reaction conditions. 
 
Similar to the previous results, A254 and colour reduction for the three ROCs were 
markedly faster and greater than COD and DOC reduction. After 30 min, over 80% 
reduction in A254 and almost complete decolourisation were achieved for the three 
ROCs, which was attributed to the rapid breakdown of the conjugated and 
chromophoric compounds by •OH as discussed above. 
 
4.6.2 Tracking Fluorescence during UVC/H2O2 Treatment 
The EEM spectra of the three ROCs before and after UVC/H2O2 are shown in Figure 
4-14. The spectra clearly demonstrated that the fluorescent species in all three ROCs 
were mainly humic acid-like and fulvic acid-like compounds. Of the three ROCs, 
WROC had the least fluorescence, consistent with its having the lowest A254 (Table 
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3-3). Great reduction in fluorescence for all three ROCs was observed after 30 min 
when the fluorescence of WROC became undetectable, and little remained for ROCA 
and slightly more for AROC. This suggested that the destruction of fluorescent 
compounds contributed to the rapid COD and DOC reduction in the first 30 min. In 
addition, the colour reduction was consistent with the fluorescence reduction, 
suggesting that fluorescence was associated with the colour in the ROC. After 60 min, 
the fluorescence in the three ROCs was undetectable, indicating almost complete 
breakdown of the fluorescent compounds. 
 
 
Figure 4-15. Fluorescence spectra of the three ROCs before and after UVC/4 
mM H2O2 process (I & II: aromatic protein I & II; III: fulvic acid-like; IV: SMP; 
V: humic acid-like). 
 
4.6.3 Change of Molecular Weight Distribution during UVC/H2O2 Treatment 
LC-OCD can provide information regarding the apparent molecular weight 
distribution of dissolved organics in water (Huber et al., 2011). The large molecular 
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weight fraction (>>20,000 Da) represents biopolymers (e.g., polysaccharides, proteins 
and aminosugars). The medium-sized fractions represent humic substances (~1,000 
Da) and building block molecules (300-500 Da), which are the breakdown products 
from humic degradation. The molecules less than 350 Da are classified as low 
molecular weight (LMW) neutrals (i.e., mono-oligosaccharides, alcohols, aldehydes, 
and ketones) (DOC-Labor, 2011). The results for different fractions are presented as 
milligram organic carbon per liter (mg C/L). Table 4-9 summarises the molecular 
weight distribution of the three raw ROCs, and after 30 and 120 min treatment by 
UVC/4 mM H2O2. 
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Table 4-9. Molecular size distribution of WROC2 and after 30 and 120 min treatment by UVC/4 mM H2O2 process 
Units Hydrophobic Organics Biopolymers Humics Building blocks LMW neutrals   
mg C/L  (>> 20,000 Da)  (~1000 Da) (300 – 500 Da) (< 350 Da) DOC 
ROCA2 n.q. 2.45 8.7 3.75 6.25 21.15 
30 min n.q. 1.22 4.88 3.53 2.56 12.19 
120 min 0.14 0.1 1.46 0.99 1.98 4.67 
AROC2 1.69 2.64 7.6 4.2 4.5 20.63 
30 min n.q. 2.38 4.75 2.71 4.2 14.04 
120 min 0.05 1.44 3.28 1.97 4.49 11.23 
WROC2 0.71 1.08 7.85 4.73 5.77 20.14 
30 min 0.2 0.49 3.15 3.82 2.33 9.99 
120 min 0.2 0.09 0.81 1.46 2.44 5.00 
n.q.: not quantifiable (concentration < 1 ppb). 
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For ROCA2, 30 min UVC/H2O2 treatment led to a large reduction in biopolymers 
(50%), humics (44%) and LMW neutrals (59%). However, the removal for building 
blocks was only 5.9%. This was due to the production of the building blocks from the 
fragmentation of the large compounds (i.e., biopolymers and humics). Almost 
complete removal of biopolymers and 83% removal of humics were achieved after 
120 min. On the other hand, building blocks were greatly reduced (to 0.99 mg/L) 
because there were fewer complex compounds for the production of building blocks 
in the later phase of the UVC/H2O2 process. The reduction rate for LMW neutrals 
from 30 min to 120 min was markedly slower than for 0 min to 30 min, this was 
attributed to the production of LMW neutrals from the breakdown of the building 
blocks. The results clearly showed that the organic degradation by the UVC/H2O2 
process followed the order: Biopolymers and humics  Building blocks  LMW 
neutrals  CO2. 
 
For AROC2, the reduction rate for biopolymers was significantly slower compared 
with ROCA2 (Table 4-9). After 120 min, there was still 1.44 mg/L biopolymers 
remaining, corresponding to a removal of only 45%. The same trend was observed for 
the degradation of humics, the removal of which was 57% after 120 min. It clearly 
showed that the oxidation of the complex organics in AROC2 was inhibited as 
discussed in Section 4.6.1. However, the degradation of building blocks in AROC2 
was faster than in ROCA2. This was because fewer biopolymers and humics in 
AROC2 were broken down, resulting in less production of the building blocks. The 
concentration of LMW neutrals remained steady throughout the 120 min reaction, 
which was possibly due to two reasons: (i) some LMW neutrals were produced from 
breakdown of the building blocks as confirmed by the slight increase in the 
concentration of LMW neutrals (from 4.2 mg/L to 4.49 mg/L) from 30 min to 120 
min; (ii) •OH preferentially attacked the large molecular compounds (Atkinson et al., 
1979) resulting in less participation of •OH in the mineralisation of LMW neutrals. 
This was in agreement with the overall lower reduction of DOC for AROC2. 
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For WROC2, similar to ROCA2 treatment, the reduction in biopolymers and humics 
was rapid and progressive, the removals of which were 55% and 60% after 30 min, 
and 92% and 90% after 120 min. The building blocks were reduced at a lower rate in 
the first 30 min due to their production from the breakdown of the large molecules. 
Again, a slight increase in the concentration of LMW neutrals was observed, 
confirming the production of LMW molecules from fragmentation of the larger 
compounds. Overall, the molecular weight distribution for WROC2 was similar to 
that of ROCA2 during the UVC/H2O2 process. 
 
4.6.4 Development of Biodegradable Organics during UVC/H2O2 Treatment 
The initial BDOC for the three untreated ROCs was similar (~2 mg/L), accounting for 
~10% of the organic content. This indicated that most of the organic pollutants in the 
three ROCs were biologically-resistant. 
 
For ROCA2, BDOC increased rapidly from 2.1 mg/L to 6.8 mg/L after 30 min 
treatment by the UVC/H2O2 process, and then decreased to 2.9 mg/L after 120 min 
oxidative treatment (Figure 4-14a). Taking the results of the EEM spectra and 
LC-OCD into account, it can be concluded that the rapid initial increase in BDOC 
was mainly attributed to the breakdown of complex organic compounds. In the late 
phase of the treatment (i.e., from 30 min to 120 min), the concentration of high 
molecular weight compounds was greatly decreased (Table 4-9), leading to less 
production of biodegradable products. In the meantime, the low molecular weight 
compounds, in turn, became the main target for •OH, some of which were 
biodegradable intermediates. Consequently, the mineralisation of the biodegradable 
intermediates was faster than their production resulting in the reduction in BDOC. 
The biodegradability of the remaining DOC provided further evidence that the 
production of the biodegradable products was limited after 30 min as it tended to 
plateau at that time. 
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Figure 4-16. (a) BDOC, (b) biodegradability of the remaining DOC and (c) final 
DOC removal (i.e., after UVC/H2O2-BDOC) for ROCA2, AROC2 and WROC2 
during 2 h UVC/4 mM H2O2 process. 
 
Interestingly, the BDOC for AROC2 plateaued after 30 min. As •OH preferentially 
attacked the large molecules (Atkinson et al., 1979; Westerhoff et al., 1999), the 
higher concentration of the remaining large molecules in AROC2 (Table 4-9) resulted 
in slower mineralisation of the biodegradable intermediates, usually smaller 
molecules, than for ROCA2. Consequently, equilibrium between the production and 
mineralisation of the BDOC was reached. This was partially proven by the steady 
concentration of LMW neutrals during the oxidative process (Table 4-9). However, it 
was apparent that both the mineralisation and the production of BDOC after 30 min 
was very slow as both the biodegradability of the remaining DOC and the final DOC 
removal were only slightly improved from 30 to 120 min (Figure 4-14b and 4-14c).  
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The trends for BDOC and biodegradability of the remaining organics for WROC were 
similar to those for ROCA (Figure 4-14a and b), which was in agreement with their 
similar trends for the molecular weight distribution. 
 
Figure 4-14c shows the trends for the final DOC removal of the irradiated samples 
after BDOC determination. It was apparent that irradiation time longer than 30 min 
led to little improvement on the final DOC removal, suggesting the presence of 
compounds in the three ROCs recalcitrant to the conditions used. Consequently, 
biodegradable products were mainly mineralised after that time, which could be 
removed by potential biological treatment. This suggested that the 2 h irradiation time 
could be reduced by at least 3/4, implying great energy savings by integrating 
subsequent biological treatment with the UVC/H2O2 process. The final DOC removal 
(i.e., after UVC/4 mM H2O2 process followed by BDOC) at 30 min is 75% for ROCA, 
61% for AROC and 81% for WROC, which corresponds to a residual DOC of 5.1 
mg/L for ROCA2, 8.4 mg/L for AROC2 and 4 mg/L for WROC2. 
 
4.6.5 Summary 
In this comparative study, three ROCs, i.e., ROCA2, AROC2 and WROC2, were 
treated by UVC/4 mM H2O2 for 2 h (93 J/cm2). Although the DOC for three ROCs 
was similar (20-21 mg/L), the degradation of the organics in the three ROCs showed 
different behaviours which was attributed to the different inorganic and organic 
components present. Collectively, the resistance for the oxidation of the organics in 
the ROC seemed to be associated with salinity, alkalinity and COD/DOC ratio. EEM 
spectra indicated that the fluorescent organics in the three ROCs were mainly humic 
acid-like and fulvic acid-like compounds. The fluorescence of those compounds was 
rapidly and progressively destroyed by •OH and was almost completely removed after 
1 h (46 J/cm2) for all three ROCs. 
 
LC-OCD results demonstrated that the destruction of the organics in the ROCs 
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follows the order: large molecular compounds (i.e., biopolymers and humics)  
building blocks  LMW neutrals  CO2. Due to the less favourable reaction 
conditions of elevated alkalinity and/or salinity, combined with inherently less 
oxidisable organics on the basis of COD/DOC ratio as discussed before, the oxidation 
of the biopolymers and humics in AROC2 was markedly slower than for ROCA2 and 
WROC2. The trends for BDOC and biodegradability of the remaining DOC during 
the UVC/H2O2 process indicated that the production of biodegradable intermediates 
was limited after 30 min. Moreover, there was only slight improvement in the final 
DOC removal for the three ROCs after 30 min. Therefore, by coupling UVC/H2O2 
with biological treatment, the 2 h (139 J/cm2) irradiation time could be at least 
reduced to 30 min (23 J/cm2) to achieve comparable treatment performance, showing 
great advantages of the combination. A range of 61%-81% DOC removal was 
achieved for the three ROCs with 30 min irradiation followed by BDOC, 
corresponding to a residual DOC concentration of 5.1 mg/L for ROCA2, 8.4 mg/L for 
AROC2 and 4 mg/L for WROC2., which was even less than for the original RO feeds 
(Table 3-2). 
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5. Effects of Various Parameters on the UVC/H2O2 Process 
This chapter details the investigation on the effects of different reaction parameters on 
the UVC/H2O2 process. These parameters cover UV radiation wavelength, pH, 
salinity, H2O2 dosing mode, initial organic pollutant concentration and irradiation 
time. 
 
5.1 Effect of UV Radiation Wavelength 
WROC2 was treated by UVC and VUV irradiation with various H2O2 dose for 3 h. 
The characteristics of WROC2 are given in Table 3-3. 
 
5.1.1 Comparison of UVC- & VUV-Mediated Processes for Bulk Water Qualities 
As expected, VUV alone achieved markedly better overall treatment performance 
than UVC alone (Figure 5-1), which was mainly attributed to the formation of •OH in 
situ via water photolysis (Equation 5-1) by the 185 nm component of VUV irradiation. 
In addition, VUV irradiation can lead to the production of H2O2 through a pathway 
described in Equations 5-3 to 5-5 (Gonzalez and Braun, 1995). The breakdown of 
organics can also lead to the formation of peroxide precursor compounds that can 
include superoxide species from reactions of excited (triplet state) humic substances 
(HS) with triplet oxygen (Equation 5-6) (Frimmel, 1994), and hydrated electrons 
formed from excited humic substances (Equation 5-7) (Cooper et al., 1989). Thus, the 
resultant H2O2 served as an additional source for the production of •OH at 254 nm. 
However, the colour increased at the beginning of both UVC alone and VUV alone 
irradiation (Figure 5-1d), which was most likely due to the formation of chromophoric 
iron complex (Ebbing and Gammon, 2009). Nevertheless, VUV alone achieved more 
than twice the reduction in colour (76%) than UVC alone (33%) after 3 h. The level 
of remaining organics after 3 h VUV irradiation treatment was still high (13.7 mg/L 
DOC and 45 mg/L COD); hence H2O2 was added to improve treatment performance. 
The VUV/2 mM H2O2 process gave comparable COD removal but with a higher 
reaction rate than that for the UVC/6 mM H2O2 process (Figure 5-1a). In contrast to 
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COD reduction, the trend for DOC reduction by VUV/2 mM was slower and less than 
for UVC/6 mM, but still greater than for UVC/2 mM (Figure 5-1b). This strongly 
suggested that the oxidation of organic compounds in the ROC followed different 
pathways in the two UV-mediated processes. 
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Figure 5-1. Reduction of (a) COD, (b) DOC, (c) A254 and (d) colour by UVC/H2O2 
and VUV/H2O2 processes. 
 
 
H2O VUV  •OH + •H Equation 5-1 
•H + O2 → HO2• Equation 5-2 
O2•- + H+ → HO2• Equation 5-3 
O2•- + HO2• → HO2- + O2 Equation 5-4 
HO2- + H+  H2O2 Equation 5-5 
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3HS* + 3O2 → HS+• + O2-• Equation 5-6 
HS* or 3HS* → HS+• + e- →HS+• + e-(aq) Equation 5-7 
RAromatic Species + •OH → R• + HO2• → R’OOH (ring open) Equation 5-8 
 
The 185 nm component of VUV irradiation can initiate not only the production of 
•OH, but also some lower oxidative-strength hydroperoxyl radicals (HO2•) (Equations 
5-2 and 5-3) which give additional oxidation of the aromatic species. The resultant 
extra •OH by VUV led to faster and more extensive mineralisation of the organics 
resulting in better COD and DOC removal. In the meantime, HO2• can convert the 
aromatic species into ring-open organic hydroperoxide via adding to the •OH–initiated 
carbon-centred radicals (Equation 5-8) (Alapi and Dombi, 2007). Consequently, 
intermediates with a higher degree of oxidation, i.e., lower COD, were produced but 
were still detected as DOC. As a result, VUV irradiation led to greater improvement 
in COD reduction than in DOC reduction. 
 
5.1.2 Fluorescence Destruction during UVC- & VUV-mediated Processes 
The definition of each region in EEM spectra was given in Section 4.6.2. Both UVC 
and VUV alone failed to completely destroy the fluorescence of WROC2 after 3 h 
(Figure 5-2), VUV gave greater reduction of the fluorescence, which was consistent 
with the previous results for the bulk water parameters (Figure 5-1). The addition of 2 
mM H2O2 greatly accelerated the degradation of these compounds as both UV 
systems achieved similar removal of the fluorescence within only 20 min compared 
with after 3 h VUV alone. No fluorescence was detected after 60 min of UVC/2 mM 
and VUV/2 mM treatment. 
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Figure 5-2. EEM spectra for the UVC/H2O2 and VUV/H2O2 treatment of 
WROC2. 
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Figure 5-3. Biodegradability of the remaining organics in WROC2 after 3 h 
UVC/H2O2 or VUV/H2O2 treatment. 
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5.1.3 Biodegradability after 3 h UVC/H2O2 and VUV/H2O2 Treatment 
Only 11% of the DOC in WROC2 was biodegradable, however, the biodegradability 
increased to 22% after 3 h UVC alone and a slightly higher biodegradability of 26% 
was obtained after VUV alone. Nevertheless, VUV-BDOC led to 13% higher DOC 
removal than UVC-BDOC. Lower BDOC was obtained for both UV systems in the 
presence of 2 mM H2O2 (Figure 5-3), which was mainly due to the mineralisation of 
the biodegradable intermediates because of the higher •OH concentration. The 
biodegradability of the VUV/2 mM H2O2 treated sample (32%) was comparable to 
that after UVC/2 mM H2O2 treatment (31%); however, again, there was greater 
mineralisation for the VUV/H2O2-BDOC than for the UVC/H2O2-BDOC with overall 
DOC removals of 79% compared with 74%.  
 
Although the VUV lamp delivered 39% higher UV dose than the UVC lamp in 3 h 
(according to Appendix 5 (193 J/cm2 cf. 139 J/cm2)) and could produce hydroxyl 
radicals via water photolysis at 185 nm, it appeared that the improvement from using 
VUV lamp was not great. This was probably because, in the presence of H2O2, the 
amount of •OH produced for the two processes was mainly from the photolysis of 
H2O2 at 254 nm since the 185 nm component accounted for only 15% of the light 
intensity of the lamp. Moreover, the quantum yield (0.42) (Heit et al., 1998) for water 
photolysis at 185 nm was markedly lower than for H2O2 photolysis at 254 nm (0.98) 
(Legrini et al., 1993). Therefore, the performance of the two processes was mainly 
dependent on the H2O2 dose applied. Furthermore, the VUV lamp (46 W) consumes 
18% more energy than UVC lamp (39 W), further reducing the benefits of using the 
VUV lamp. A preliminary calculation indicated that DOC reduction per unit power 
for the VUV lamp and UVC lamp was comparable, 0.18 g/L/kWh and 0.2 g/L/kWh, 
respectively. Hence the UVC lamp was used for the following work. 
 
5.2 Effect of pH 
pH is an important parameter affecting the UVC/H2O2 process because it may alter 
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the reaction environment. WROC3 was used for this study and its characteristics are 
given in Table 3-3. The impact of pH on the UVC/H2O2 process was studied at the 
initial pH of 4, 6, 8.5 (original) and 10 and the H2O2 dose of 3 mM. 
 
5.2.1 Degradation of Organics by UVC/3 mM H2O2 Process at Different pH 
Although pH 10 led to the precipitation of some flocs resulting in slight reduction in 
initial COD and DOC (by 3 mg/L and 0.5 mg/L, respectively), the degradation of the 
organic pollutants in WROC3 by the UVC/H2O2 was enhanced with decreasing pH 
(Figure 5-4a and b). There was abundant HCO3-/CO32- species in WROC3, as 
indicated by the alkalinity of 295 mg/L. The HCO3-/CO32- species are strong •OH 
scavengers as discussed in Section 2.5.4 and shown in equations 2-11 and 2-12. The 
resultant CO3-• has a much lower oxidation potential and a higher selectivity in its 
reaction with organic compounds compared with •OH (Liao et al., 2001). According 
to Figure 2-1, at pH 10, the HCO3-/CO32- species exist in approximately same 
proportion whereas at the original pH (8.5) of the WROC3, HCO3- exists almost 
exclusively. Buxton (1986) reported that CO32- reacts with •OH faster than HCO3- by 
two magnitudes as indicated by their reaction constant (Equations 2-11 and 2-12). 
Therefore, the higher concentration of CO32- was accounted for the lower degradation 
at pH 10 compared with pH 8.5.  
 
Further decreasing the pH to 6 led to the transformation of approximately 50% HCO3- 
to H2CO3 (Figure 2-1), which has a very low reactivity with •OH (Liao et al., 2001). 
Therefore, the scavenging effect by the HCO3-/CO32- species was reduced at pH 6 
resulting in enhanced degradation of organics. According to Oppenländer (2003), the 
main inorganic carbon component at pH 4 is dissolved CO2, only 0.1% of which 
reacts with water to form H2CO3. Thus, the scavenging effect caused by the 
HCO3-/CO32- species was almost completely eliminated at pH 4, leading to better 
oxidation performance than at pH 6. 
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Figure 5-4. (a) COD, (b) DOC, (c) A254 and (d) colour reduction by UVC/3 mM 
H2O2 at different pH. 
 
As discussed in Section 2.5.4, chloride may scavenge •OH via Equation 2-13 to form 
HOCl-• at pH <7.2 and the scavenging effect is greater with decreasing pH (Liao et al., 
2001). There was high chloride concentration (780 mg/L) in WROC3. However, there 
was no negative effect on the rate and extent of the organic degradation on decreasing 
the pH to 4. Obviously, Liao et al.’s results are different from the trend obtained here. 
Note that they used a single solute (n-chlorobutane) model solution. Therefore, the 
different trend was probably due to the large difference in chemical properties 
between a single solute solution and a complex wastewater. Zhou et al., (2010) 
reported that only ~2% of the DOC (initially 18 mg/L) was removed by the 
UVA/H2O2 treatment of a municipal ROC at pH 6.9 whereas the removal was greatly 
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improved to 17% at pH 5. Moreover, several other researchers also reported that 
UV/H2O2 processes for treating real wastewater performed better under acidic 
conditions (Hwang et al., 2004; Catalkaya and Sengül, 2006; Yonar et al., 2006). Thus, 
in this case, the decrease in the oxidative process was mainly attributed to the 
scavenging effect of HCO3-/CO32- species under alkaline conditions. Nevertheless, pH 
4 did not markedly increase the COD and DOC reduction extent compared with pH 6; 
this might be attributed to the presence of the organics recalcitrant to the conditions 
used. At all pH levels A254 and colour reduction were significantly faster than COD 
and DOC reduction, this was consistent with the previous observations reported in 
Chapter 4. 
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Figure 5-5. pH change during the UVC/3 mM H2O2 treatment. 
 
To better understand the effect of pH, it was monitored over the treatment. As shown 
in Figure 5-5, when WROC at the original pH was treated, the pH first dropped from 
8.5 to 7.7 and then gradually increased to 8.4. The decrease in pH could be explained 
by the oxidation of the organics to mineral acids, carbon dioxide and their acidic 
intermediates (Chin et al., 2009), and the subsequent pH increase may be attributed to 
eventual mineralisation of these acidic intermediates. The pH in the processes at pH 4 
and pH 6 both increased with the irradiation time. The reason for the increase in pH 
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might be the combination of H+ with CO2 resulting from the mineralisation of the 
organics to form H2CO3 or HCO3- (Zouboulis et al., 2007). The small increase for pH 
4 was attributed to the two-magnitude larger concentration of H+ at pH 4 than for pH 
6. The process at pH 10 had a slower and smaller decrease in pH than at the original 
pH. This was attributed to less formation of acidic intermediates due to lower 
production of •OH at pH 10 and/or higher concentration of OH- present. 
 
Fluorescence regional integration (FRI) (Chen et al., 2003) was used to quantify the 
proportion of each class of fluorescent species during the UVC/H2O2 process. 
Therefore, the DOC of each sample was adjusted to ~7 mg/L prior to FRI analysis for 
comparison and avoiding the inherent quenching problem due to high DOC (above 10 
mg/L). Figure 5-6a shows the changes in fluorescence during 2 h UVC/3 mM H2O2 
treatment at the original pH. The fluorescent species in WROC2 consisted of two 
major groups: 57% humic acid-like and 29% fulvic acid-like species. Both species 
types were broken down rapidly so that 72% of fulvic acid-like and 64% of humic 
acid-like species were removed after only 10 min. The total fluorescence was 
removed by 93% after 30 min and then gradually plateaued. 
 
Figure 5-6b demonstrated that higher pH led to slight lower removal of fluorescence 
at 20 min and this was mainly due to less reduction in FA species. A control 
experiment demonstrated that the fluorescence of untreated WROC3 decreased with 
decreasing pH (Appendix 6). According to Patel-Sorrentino et al. (2002), this was 
attributed to three possible mechanisms: (i) the alteration of the molecular orbits of 
excitable electrons, (ii) physical changes to molecular shape caused by changes in 
charge density and (iii) competition between metal ions and H+. Therefore, the 
difference for the reduction in fluorescence at different pH may be due to the pH 
effect on the fluorescence. Collectively, at least 85% of the fluorescence was removed 
after 20 min, indicating that fluorescent species can be quickly destroyed over the pH 
range tested. 
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Figure 5-6. (a) EEM volumes during 2 h UVC/3 mM H2O2 treatment at original 
pH (8.5). (b) EEM volumes after 20 min of UVC/3 mM H2O2 treatment at 
different pH. (API & II: aromatic protein I&II; FA: fulvic acid-like; SMP: 
soluble microbial products; HA: humic acid-like.) 
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5.2.2 BDOC after 2 h UVC/3 mM H2O2 Treatment at Different pH 
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Figure 5-7. The DOC removed by 2 h UVC/3 mM H2O2 treatment followed by 
BDOC at different pH. 
 
The untreated WROC3 had a low biodegradability of 13% (Figure 5-7), which was 
consistent with 11% for WROC2 (Section 4.3.2). A DOC removal of 66% was 
achieved after 2 h UVC/3 mM H2O2 treatment at pH 4 and BDOC was increased to 
24%, accounting for 68% of the remaining DOC. At pH 10, the DOC mineralisation 
by the UVC/H2O2 process was the lowest (31%) but DOC removal by BDOC was the 
highest (38%). This was attributed to less participation of •OH in the degradation of 
the organics at higher pH due to scavenging by the HCO3-/CO32- species resulting in 
more biodegradable intermediates remaining after 2 h irradiation. Overall, the final 
DOC removal (i.e., after both treatments) was improved with decreasing pH due to 
the alleviation of scavenging effect by the HCO3-/CO32- species. However, there was 
little improvement in the overall reduction with DOC at pH 6 and 4 due to the organic 
pollutants being recalcitrant to the reaction conditions used. This was consistent with 
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the observation by Westerhoff et al. (2009) where at pH ≤ 5 there was no additional 
benefit of pH reduction for the oxidation of a municipal ROC by the UVC/TiO2 
process. 
 
5.3 Effect of Salinity 
The salinity was increased (from 1.7 g/L to 6.8 g/L TDS) by addition of the two major 
constituent salts at the same molar ratio as in WROC3 (i.e., NaCl and MgSO4 at molar 
ratio of 6:1). Experiments were conducted using WROC3 at five different salinity 
levels: original salinity (1.7 g/L TDS) and 1.5, 2, 3 and 4 times the original salinity, 
denoted as 1S, 1.5S, 2S, 3S and 4S, respectively. The pH change associated with the 
addition of salts was marginal (maximum of 0.2 units decrease). Different from pH, 
the fluorescence of WROC3 was not affected by the addition of salts (Appendix 6). 
 
5.3.1 Degradation of Organics in WROC3 by UVC/ 3 mM H2O2 Process at 
Different Salinity 
The trends for reduction in COD, DOC, A254 and colour at elevated salinity (Figure 
5-8) were comparable to those at the original salinity. In addition, the FRI results after 
20 min treatment at original salinity were comparable to those at elevated salinity 
(Figure 5-9). Therefore, it appears that salinity was not a major influential factor for 
the UVC/H2O2 process for treating the ROC. This suggests that the UVC/H2O2 
process is effective over a wide range of salinity. 
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Figure 5-8. (a) COD, (b) DOC, (c) A254 and (d) colour reduction by UVC/3 mM 
H2O2 at different salinity levels. 
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Figure 5-9. EEM volumes after 20 min of UVC/3 mM H2O2 treatment at 
different salinity. 
 
5.3.2 BDOC after 2 h UVC/3 mM H2O2 Treatment at Different Salinity 
The processes at elevated salinity led to slightly lower DOC removal by 
biodegradation than at the original salinity (Figure 5-10); this may be attributed to the 
dehydration of the bacteria due to higher salinity (García and Hernández, 1996). 
Overall, the final DOC removal at elevated salinity was similar to that at original 
salinity, providing further evidence that the UVC/H2O2 process was not susceptible to 
salinity. 
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Figure 5-10. The DOC removed by 2 h UVC/3 mM H2O2 treatment followed by 
BDOC at different salinity. 
 
5.4 Effect of Initial Concentration of Organic Pollutants 
WROC3 was subjected to further RO to meet the higher DOC requirement and then 
treated by 2 h UVC/3 mM H2O2. The study was conducted at the DOC levels of 21 
(original), 26 and 30 mg/L, denoted as D21, D26 and D30, respectively. The typical 
characteristics of the three ROCs are shown in Table 5-1. 
 
Table 5-1. Characteristics of the ROCs with different DOC concentrations 
Parameters Units D21 D26 D30 
DOC mg/L 21.1 26 30 
COD mg/L 65 75.5 91 
A254 /cm 0.42 0.52 0.61 
Colour mg/L Pt-Co 88 90 108 
pH - 8.5 8.7 8.8 
Conductivity μS/cm 2820 3590 4040 
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5.4.1 Impact of Initial Concentration of Organics in WROC on UVC/3 mM H2O2 
Process 
Similar reduction trends were obtained for the normalised COD, DOC, A254 and 
colour (Figure 5-11). It was not surprising that the process efficacy was not affected 
by the initial organic concentration since the reaction followed pseudo-first order 
kinetics. But it was necessary to take initial substrate concentration into account when 
experiment results were based on percentage. Table 5-2 demonstrates that increasing 
initial DOC concentration led to higher net degradation, which was defined as in 
Equation 5-9, in various water parameters. Beltrán et al. (1993) reported a similar 
trend during the degradation of atrazine by the UVC irradiation. 
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Figure 5-11. (a) COD, (b) DOC, (c) A254 and (d) colour reduction by UVC/3 mM 
H2O2 treatment for WROCs with different initial DOC concentrations. 
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Table 5-2. Net reduction in various water parameters by 2 h UVC/3 mM 
H2O2 treatment at different DOC concentrations 
Parameters D21 D26 D30 
COD (mg/L) 27 41 50 
DOC (mg/L) 11.8 14.6 15.5 
A254 (/cm) 0.38 0.48 0.56 
Colour (Pt-Co mg/L) 88 90 108 
 
Net reduction = cinitial – cfinal Equation 5-9 
Where cinitial is the initial concentration and cfinal is the concentration after treatment. 
 
5.4.2 BDOC after 2 h UVC/3 mM H2O2 Treatment for the WROCs with 
Different Initial DOC Concentrations 
The BDOC increased with increasing initial DOC level, which was 5.9 mg/L for D21, 
6.8 mg/L for D26 and 9 mg/L for D30. Consistent with previous results in Section 
5.4.1, the percentage of the DOC removed by the UVC/H2O2-BDOC treatment was 
comparable for the three ROCs (Figure 5-12), meaning higher net reduction in DOC 
with increasing initial DOC concentration. It seems that the UVC/H2O2-BDOC 
treatment performance was not damaged by increasing initial organic loadings. 
However, the increasing initial DOC concentration increased the residual DOC in the 
treated ROC, which may be a problem for its disposal or reuse. Nevertheless, over the 
DOC range tested (i.e., 20-30 mg/L), the residual DOC after the UVC/H2O2-BDOC 
treatment was within the acceptable level, which was 3.4 mg/L for D21, 4.6 mg/L for 
D26 and 5.4 mg/L for D30. The DOC for most municipal ROCs reported in the 
literature (Lee et al., 2009a; Zhou et al., 2010; Pérez et al., 2010) falls in the DOC 
range tested in this study. This indicates that most of municipal ROCs can be 
effectively treated by the UVC/H2O2 process. 
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Figure 5-12. The percentage of DOC removed by 2 h UVC/3 mM H2O2 and 
BDOC at three different initial DOC levels. 
 
5.5 Effect of H2O2 Dosing Mode 
When WROC1 was treated, quenching by excess H2O2 was observed at H2O2 ≥ 3 mM. 
Therefore, fed-batch process was trialled to alleviate this negative effect; the 3 mM 
H2O2 dose was divided into smaller portions and added to the system periodically to 
prevent excess H2O2 concentration in the system. Three fed-batch dosing modes were 
evaluated: 2 mM followed by 1 mM at 1 h (U2+1); 1 mM followed by 1 mM at 0.5 h 
and 1 mM at 1 h (U1+1+1); 1.5 mM followed by 1.5 mM at 1 hour (U1.5+1.5). The 
original dosing mode is denoted as U3. Although WROC3 was used in this study, its 
characteristics were similar to WROC1 (Table 3-3). 
 
5.5.1 Comparison of Batch & Fed-Batch Processes on Water Quality Parameters 
Although the order for the initial reduction rate of COD and DOC was U3 > U2+1 > 
U1.5+1.5 > U1+1+1 (Figure 5-13a and b), all the tested fed-batch processes achieved 
greater COD and DOC reductions than U3 after 2 h treatment, confirming that 
quenching was reduced leading to more •OH being available for the oxidation of the 
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organic matter in WROC3. The reductions in A254 and colour were comparable for all 
the processes (Figure 5-13c and d), indicating that quenching did not significantly 
affect the destruction of the conjugated and chromophoric compounds. 
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(c) (d) 
Figure 5-13. (a) COD, (b) DOC, (c) A254 and (d) colour reduction by original and 
fed-batch UVC/H2O2 processes. 
 
The destruction of fluorescence after 20 min followed the order: U3 > U2+1 > 
U1.5+1.5 > U1+1+1 (Figure 5-14a). This was again due to the lower initial H2O2 
concentration in the fed-batch processes. However, all the fed-batch processes 
achieved greater reduction in fluorescence compared with U3 after 120 min (Figure 
5-14b), providing further evidence that quenching by excess H2O2 was alleviated. 
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Figure 5-14. Residual FRI for EEM spectra after (a) 20 min and (b) 120 min 
UVC/H2O2 using different dosing modes. 
 
5.5.2 BDOC after 2 h UVC/3 mM H2O2 Process Using Different H2O2 Dosing 
Modes 
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Figure 5-15. The BDOC after 2 h UVC/3 mM H2O2 using different H2O2 dosing 
modes. 
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Although fed-batch dosing alleviated the negative quenching effect, it led to a slight 
improvement (4-6%) for the final DOC removal (Figure 5-14). Previous results 
(Section 4.5.4) show that the reduction in DOC in WROC3 tended to plateau after 30 
min UVC/4 mM H2O2 treatment due to the remaining DOC being recalcitrant to the 
oxidative and biological processes used. Therefore, in this case, although fed-batch 
dosing freed more •OH for the oxidation of the organics, the improvement was not 
obvious due to those recalcitrant organics. Nevertheless, the benefits of fed-batch 
dosing mode may be more obvious in the fast reaction phase (i.e., 0-30 min) because 
the production of BDOC will be higher and faster in fed-batch processes than in the 
batch process due to more •OH being available for breaking down the large organics 
to more biodegradable intermediates. Hence the fed-batch dosing requires further 
modification to achieve greater improvement (e.g., rearranging the dosing time and 
shortening the reaction time such as 2 mM initially and 1 mM at 15 min and stopping 
the reaction at 30 min). 
 
5.6 Effect of Irradiation Time 
It is apparent that longer irradiation time leads to higher removal of organic pollutants 
(DOC in this case) in the ROC. However, the final water quality requirement (on the 
basis of DOC in this case) for the treated ROC is dependent on its applications. 
Therefore, it is not always necessary to reduce the DOC to the lowest value that the 
UVC/H2O2 followed by bio-treatment can possibly achieve. Moreover, as 
demonstrated by the previous results (Section 4.6.4), the organics in the ROC became 
increasingly less susceptible to further oxidation when DOC reached a certain level, 
making the UVC/H2O2 process less economic. Hence the effect of irradiation time 
was investigated so that a trade-off between the final DOC removal and the process 
performance could be estimated. The study was carried out by treating WROC4 using 
2 h UVC/3 mM H2O2. The characteristics of WROC4 are given in Table 3-3. 
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5.6.1 DOC after UVC/3 mM H2O2 for Different Irradiation Time followed by 
BDOC 
Consistent with WROC3, only 13% of the organics in WROC4 was biodegradable. 
The UVC/H2O2 process mineralised only 10% of the DOC after 10 min but almost 
doubled the BDOC (Figure 5-16). Longer irradiation time to 120 min led to higher 
DOC removal by the UVC/H2O2 process; however, the increase for the second hour 
(10%) was markedly lower than for the first hour (42%). The biodegradable fraction 
reached a maximum value of 35% at 30 min and then slowly decreased to 30% at 120 
min. Westerhoff et al. (2009) observed a similar trend for BDOC when they treated a 
municipal ROC by the UVC/TiO2 process. In their work, the BDOC increased to a 
maximum value of 30% and then decreased slowly to the end of the treatment. They 
explained that the BDOC mainly consisted of simple organic acids which were 
mineralised slowly by •OH (Langlais et al., 1991). Collectively, there was not 
significant improvement in the final DOC removal after 30 min (maximum 19% at 2 
h), which was consistent with the observations in Section 4.6.4. 
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Figure 5-16. Percentage of DOC removed by UVC/3 mM H2O2 after different 
irradiation time followed by biodegradation (n=2). 
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Figure 5-17. The relationship between (a) A254 and BDOCR and (b) normalised 
total EEM volume (as the y-axis title) and BDOCR. 
 
A254 inversely correlated (R2=0.99) to the biodegradability of remaining organics (i.e., 
percentage of BDOC in the DOC remaining after the UVC/H2O2, denoted as BDOCR) 
(Figure 5-16a). A similar observation was obtained by Buchanan et al. (2004) when 
they treated natural organic matter in drinking water by UVC irradiation. The total 
fluorescence was also correlated to BDOCR (R2=0.87) (Figure 5-16b). These trends 
suggested that conjugated and fluorescent compounds were the principal source for 
the production of the biodegradable products. This explains why the production of 
BDOC was limited after 30 min because most of these compounds had been 
destroyed by that time. 
 
5.6.2 Ecotoxicity and Trihalomethane formation potential 
The UVC/3 mM H2O2 process involved radical-mediated reactions and led to major 
changes in chemical properties of the original organic compounds in WROC4. 
Therefore, it was necessary to examine the toxicity of the treated ROC in case some 
toxic products were formed. The Microtox results indicated that the untreated 
WROC4 was non-toxic to the micro-organism used in the test, Vibrio fisheri. 
Similarly, there was no inhibition of the fluorescence of Vibrio fisheri by the WROC4 
after 30 and 75 min treatment by UVC/3 mM H2O2 nor for the two irradiated samples 
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after BDOC treatment. This demonstrated that there was no significant concentration 
of toxic by-products formed after either the UVC/H2O2 or the UVC/H2O2-BDOC 
process. 
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Figure 5-18. The THMFP and DOC of the raw WROC4 and after 30 min and 75 
UVC/3 mM H2O2 process and BDOC. 
 
Disinfection by chlorination is usually required before recycled water is discharged or 
reused; this may lead to formation of disinfection by-products (DBPs). These 
compounds can have adverse health effects, e.g., cause cancer in humans and animals 
(Hrudey, 2002). Thus, the trihalomethane formation potential (THMFP) of selected 
samples was determined. The THMFP of the raw ROC was 1.22 mg/L, and THMFP 
increased to 1.51 mg/L after 30 min of UVC/3 mM H2O2 treatment (Figure 5-17). The 
increase was attributed to the production of low molecular weight THM precursor 
species from the fragmentation of the complex compounds. Similar trends were 
observed in the UV photolysis and ozonation of natural organic matter (Galapate et al., 
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2001; Buchanan et al., 2006). Extending the irradiation time to 75 min reduced the 
THMFP to its original level, which was mainly due to less DOC being available as the 
precursors to THM (Kleiser and Frimmel, 2000). Similarly, the THMFP was further 
reduced after BDOC due to the decrease in DOC. UVC/H2O2-BDOC reduced the 
THMFP to 0.86 mg/L after 75 min. Longer treatment time is required to reduce the 
THMFP to below the permitted limit in drinking water (0.25 mg/L) (ADWG, 2004). 
However, it may not be necessary if the recycled water is not destined for potable use. 
Although there is no regulation for THMFP in the Australian Recycled Water 
Guidelines, THMFP is drawing increasing attention because of increasing interest in 
using recycled water for irrigation (LWA, 2009) which may indirectly affect the health 
of humans. Overall, the value represents formation potentials and therefore the actual 
THM levels would be dependent on the dose of chlorine used in chlorination 
processes. 
 
5.6.3 Molecular Weight Distribution at Different Irradiation Time 
LC-OCD was used for the analysis of molecular weight distribution. An introduction 
to this technique was presented in Section 4.6.3. Table 6-3 summarises the molecular 
weight distribution of the organics in WROC4 after either the UVC/H2O2 or 
UVC/H2O2-BDOC process at different irradiation time. The largest fraction of 
organics in WROC4 was humics, corresponding to 37% of the entire DOC. Although 
there was 7.14 mg/L LMW neutrals which are usually considered biodegradable, the 
BDOC for the raw WROC4 was 3.3 mg/L. This was consistent with the previous 
observation for WROC2.  
 
The UVC/H2O2 process led to some reduction in large molecular compounds after 15 
min, 13% for biopolymers and only 3% for humics. The removal of small molecular 
compounds after 15 min was greater, 21% for building blocks and 33% for LMW 
neutrals. This was initially surprising because •OH preferentially attacks large 
molecular compounds (Atkinson et al., 1979). However, the specific UV absorbance 
(SUVA) for humics was significantly reduced from 2.79 to 1.23 L/mg·m after 15 min. 
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SUVA is a good surrogate for aromaticity of humic substances (Edzwald and 
Benschoten, 1990). Therefore, given the short irradiation time of 15 min, •OH only 
destroyed the conjugated bonds of the humics via electrophilic addition (see Equation 
2-19) because this was the first step for oxidation of conjugated organics. The further 
breakdown of the humics to smaller products required longer irradiation time. This 
was confirmed by the markedly faster reduction in humics from 30 min to 120 min 
where humics were reduced from 8.13 to 1.46 mg/L, corresponding to a removal of 
85%, this was also accompanied by decrease in aromaticity. The reduction in degree 
of conjugation greatly decreased the fluorescence of the humics (Figure 5-6a), which 
was consistent with the observation from ShuJuan et al. (2009). The biopolymers 
followed a similar trend as for humics and 70% was removed after 120 min 
UVC/H2O2 process. Although the removals of those two compound types were lower 
than those for WROC2 (Section 4.6.3), considering the higher pollutant concentration 
in WROC4 (1.25x) and lower applied H2O2 dose (3 mM for WROC4 and 4 mM for 
WROC2), these results were consistent. 
 
Similar to the treatment for WROC2, during the UVC/H2O2 treatment of WROC4, the 
reduction in building blocks was slower from 0 to 30 min than for 30 to 120 min due 
to the production of some building blocks from fragmentation of large molecular 
compounds. After 120 min, a removal of 80% was achieved for building blocks. The 
LMW neutrals were greatly reduced from 7.14 to 4.17 mg/L in the first 30 min 
UVC/H2O2 process, then, the concentration increased to 6.1 mg/L at the end of the 
reaction, which was due to the production of LMW neutrals from the breakdown of 
building blocks. These phenomena were also consistent with the observation for the 
treatment of WROC2. 
 
After 30 min UVC/H2O2 treatment, the biopolymers and humics were further reduced 
by 44% and 49% after the subsequent BDOC treatment, which contributed to 56% of 
the BDOC concentration; this was even higher than the contribution from the LMW 
fractions (building blocks + LMW neutrals). A similar trend was observed for 75 min 
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UVC/H2O2-BDOC where the removals were 60% and 57% for biopolymers and 
humics, respectively, corresponding to 48% of the BDOC. This was unexpected 
because those large compounds are usually considered bio-accumulative. Note that 
the aromaticity of the humics after BDOC increased from 0.86 to 1.32 L/mg·m for 30 
min and from 0.93 to 1.52 L/mg·m for 75 min. This helps to explain the obtained 
phenomenon. Humics with a high aliphatic content seem to be more biologically 
accessible to bacteria than those with a high degree of conjugation (Tranvik, 1998b). 
As the conjugated bonds of the humics in WROC4 were destroyed by •OH as shown 
above, the structures of some conjugated humics were transformed to mainly aliphatic. 
Consequently, the resultant aliphatic humics were degraded by the micro-organisms 
in the BDOC test; however, the conjugated humics were still biologically-resistant 
and therefore remained after the BDOC test, leading to an increase in aromaticity, 
further confirming that the loss of conjugation in the molecular structure greatly 
enhanced the biodegradability of the organics. This provides additional evidence that 
the few conjugated compounds remaining after 30 min limited the production of 
BDOC. The organics mineralised after that time were mainly biodegradable 
intermediates. Hence, the final DOC removal after UVC/H2O2-BDOC treatment was 
not greatly improved with longer irradiation time. This implies that the 2 h irradiation 
time can be greatly shortened since the conjugated bonds of the compounds in 
WROC4 were destroyed quickly by the UVC/H2O2 process. 
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Table 6-3. Molecular size distribution of WROC4 and after by UVC/3 mM H2O2 and BDOC at different irradiation time 
Biopolymers Humics Building blocks LMW neutrals  
(~1000 Da)  
(>> 20,000 Da) 
mg/L 
mg/L 
Aromaticity
(SUVA-HS)
L/mg·m 
(300 – 500 Da) 
mg/L 
(< 350 Da) 
mg/L 
DOC 
mg/L 
WROC4 3.24 9.51 2.79 5.83 7.14 25.72 
15 min UV/H2O2 2.82 9.23 1.23 4.58 4.75 21.38 
UV/H2O2 1.84 8.13 0.86 4.07 4.17 18.21 
30 min 
UV/H2O2-BDOC 1.03 4.15 1.32 2.37 2.14 9.69 
UV/H2O2 1.21 5.74 0.93 2.68 4.21 13.84 
75 min 
UV/H2O2-BDOC 0.49 2.49 1.52 1.17 1.35 5.5 
120 min UV/H2O2 0.98 1.46 0.79 1.95 6.1 10.49 
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5.6.4 Energy Consumption Assessment 
A figure-of-merit, electrical energy per order (EE/O), was used for assessing the 
energy consumption of the UVC/H2O2 process for treating the WROC4. The 
definition of EE/O is described in Equation 5-10. The energy consumption for the 
BDOC test was not taken into account because it was negligible compared with that 
for the UV irradiation phase. 
 
EE/O = 
)C / (C log 60 V
1000  t  P
fi
  Equation 5-10 
 
where P is the lamp power (0.039 kW), t is time (min), V is the volume of irradiated 
sample (0.9 L), and Ci and Cf are the initial and final DOC concentrations (mg/L). 
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Figure 5-19. EE/O values for the UVC/3 mM H2O2 treatment followed by BDOC 
with (a) irradiation time and (b) residual DOC concentration. 
 
The EE/O for the UVC/3 mM H2O2 followed by BDOC was approximately 50 
kWh/m3 until 30 min and then increased linearly (R2=0.99) with reaction time to 120 
min (Figure 5-18a). This showed that the energy efficiency of the process started 
decreasing significantly after 30 min. Irradiation time of 120 min gave an EE/O value 
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of 112 kWh/m3, which was more than twice that for 30 min; however, the final DOC 
removal for 120 min was 20% higher than for 30 min (63%). The EE/O for 
UVC/H2O2 process alone was 160 kWh/m3 at 10 min and then increased to 262 
kWh/m3 after 120 min. This clearly demonstrated the great economic and 
environmental benefits by coupling a biological treatment with the UVC/H2O2 
process. 
 
For a target residual DOC of 10 mg/L, the corresponding EE/O was approximately 50 
kWh/m3 (Figure 5-18b). Further decrease in residual DOC can be achieved at the 
expense of the energy efficiency of the UVC/H2O2-BDOC process, leading to 
increasing unit cost for the product water. Therefore, an economic study is strongly 
recommended to establish a trade-off between operation cost and customer 
requirements. 
 
To compare the UVC/H2O2-BDOC process with other similar processes such as 
ozonation, the EE/O for an ozone-BAC treatment of a similar municipal ROC (Lee et 
al., 2009a) was calculated. The data used for calculation was reported in the literature: 
P = 0.1 kW, t = 20 min, V = 0.2 L, Ci = 18.4 mg/L DOC and Cf = 5.9 mg/L DOC. The 
EE/O for this ozone-BAC treatment was calculated as 337 kWh/m3. For achieving a 
comparable residual DOC (5.2 mg/L), EE/O for the UVC/H2O2-BDOC treatment was 
80 kWh/m3, which was much lower than for the ozone-BAC treatment. However, Lee 
et al. treated a relatively smaller volume of the ROC (0.2 L compared with 0.9 L) per 
batch resulting in the high EE/O. Therefore, for a more meaningful comparison, the 
EE/O for the ozone-BAC treatment was re-calculated with assumption that same 
treatment performance could be still achieved with the same volume of the ROC as 
the one in the current study (0.9 L). Consequently, the EE/O for the ozone-BAC (75 
kWh/m3) became slightly lower than for the UVC/H2O2-BDOC. However, 
considering that BDOC (only as an estimation of biodegradability) is not as efficient 
as BAC (Buchanan, 2005), UVC/H2O2 processes may be more economic than ozone 
if applied in combination with BAC for removing the organics in municipal ROC. 
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Bolton and Cater (1994) developed a mathematical tool (E) for estimating the 
economic feasibility of UV-based AOPs for practical applications, which is described 
in Equation 5-11. The pseudo first order constant for the DOC removal in first 30 min 
was determined as 0.015 min-1 by Equation 4-5 using the DOC data. For a DOC 
removal of 60%, an irradiation time of approximate 30 min was required. Therefore, 
the E for the process was then calculated as 0.35 kWh. The E for the 
UVC/H2O2-BDOC with 120 min irradiation time was increased to 0.73 kWh. Values 
of E value lower than 2.5 kWh are usually considered suitable for practical 
application (Bolton and Cater, 1994). Therefore, it indicates that UVC/H2O2 followed 
by biological treatment has the potential to be an economically viable option for 
treating municipal ROC.  
 
E = k
 60 V
1000t )C / (C log  P fi 
  Equation 5-11 
 
where P, V, t, Ci and Cf have been defined in Equation 5-11. k is the the pseudo first 
order constant (min−1) for DOC removal, E is the energy in kWh required for 
achieving a reference removal (%) of specific pollutants (DOC in this case) in 1000 L 
of treated wastewater. 
 
The scale-up of this process faces two challenges with regard to technical and 
economic difficulties. Technically, scale-up of the UVC/H2O2 process is probably 
feasible as similar processes have been developed (e.g., Western Corridor Water 
Project Bundamba 1A facility in Brisbane, Australia, developed by Trojan 
technologies (Trojan-Technologies, 2007)). Although the preliminary economic 
evaluation in the present study indicated that the process was economically viable, the 
economic feasibility for the scale-up of UVC/H2O2 processes for the municipal ROC 
was unknown because the capital investment and associated maintenance were not 
taken in to account in the evaluation. Therefore, a pilot-scale study with a more 
comprehensive cost evaluation, i.e., including capital investment and cost for 
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operation and maintenance, is required before a firm conclusion can be reached. 
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6. Conclusions & Recommendations 
6.1 Conclusions 
The UVC-BDOC process was not effective for removing the organic pollutants in the 
ROCs produced from three municipal effluents with different properties. Coupling 
H2O2 with UVC irradiation greatly enhanced the oxidation of the organics in the three 
ROCs. COD degradation followed pseudo-first order kinetics for the first 30 min, 
after which it followed different kinetics because the concentration of H2O2 was 
insufficient to produce a steady concentration of •OH due to its consumption via 
photolysis. The kinetics after 30 min were not investigated because of the 
uncertainties and difficulties in the kinetics analysis of such a complex system. 
Although the removal of organics was incomplete after the UVC/H2O2 treatment, 
complete removal of colour was usually achievable for the ROCs leading to an 
aesthetically pleasing appearance. 
 
The biodegradability of the organics in the three ROCs was similar (about 10%). With 
either 2 (93 J/cm2) or 3 h (139 J/cm2) irradiation time, UVC/H2O2 processes enhanced 
the biodegradability of the remaining organics 2.6-6.7 fold depending on the ROC 
source and H2O2 dose, showing the potential for subsequent biological treatment. The 
DOC of the ROCs was reduced to less than 5 mg/L after the UVC/H2O2-BDOC 
treatment, corresponding to a DOC removal of 78-93%. The residual DOC of the 
treated ROC was lower than that of the original RO feeds, demonstrating the technical 
feasibility of the UVC/H2O2 process for the treatment of various types of ROC. 
 
Overall, the oxidation of the organics in the three ROCs by the UVC/H2O2 process 
was more difficult in the presence of higher alkalinity and COD/DOC ratio. This was 
due to combined effects of the scavenging of •OH by CO32-/HCO3- species and the 
presence of inherently less oxidisable compounds. Therefore, pre-treatment (e.g., 
reducing the pH) may be an option to improve the efficiency of UV/H2O2 treatment. 
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Both the A254 and the fluorescence of the compounds in the three ROCs were reduced 
much faster than COD and DOC, indicating that the conjugated molecules (e.g., 
humic substances) were rapidly broken down into smaller compounds by •OH. This 
was consistent with the order for the destruction of the organics by the UVC/H2O2 
process, as revealed by LC-OCD analysis, which was: large molecules (i.e., 
biopolymers and humics)  building blocks  LMW neutrals  CO2. 
 
The biodegradable products during the UVC/H2O2 process were principally produced 
from the breakdown of conjugated and fluorescent species. The increase in 
biodegradability of the organics in the ROC after UVC/H2O2 processes was attributed 
to the decrease in both average molecular weight and the degree of conjugation as 
revealed by LC-OCD results. The production of biodegradable intermediates for the 
three ROCs was limited after 30 min (23 J/cm2) due to their mineralisation by •OH 
and the few remaining conjugated fluorescent species (as the precursor compounds 
for biodegradable intermediates). Some DOC (from 10% to 20%) was found to be not 
susceptible to the UVC/H2O2-BDOC treatment. Therefore, there was little 
improvement in the final DOC removal by the UVC/H2O2-BDOC treatment for the 
ROC after 30 min. This suggests that 2 h (93 J/cm2) treatment time is not necessary 
and can be shortened to 30 min (or less) for both economic and environmental 
considerations. 
 
Given the same reaction conditions, the VUV lamp gave slightly better improvement 
in water quality of the ROC than the UVC lamp due to the production of extra •OH 
and other lower oxidative-strength radicals such as HO2•. However, the improvement 
was not justified when the higher energy consumption for VUV lamp (46W) than for 
UVC lamp (39W) was taken into account. 
 
The oxidation of the organics by the UVC/H2O2 process was enhanced with 
decreasing pH due to the alleviation of the scavenging effects by CO32-/HCO3- species. 
However, the improvement was marginal at pH < 6 because of the presence of 
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organics recalcitrant to the conditions used. Overall, this indicates that the UVC/H2O2 
process can be optimised by adjusting the pH of the ROC to create more favourable 
reaction conditions. 
 
The UVC/H2O2 process was effective over a wide range of salinity and initial DOC 
concentrations, demonstrating the extensive applicability of this technique for treating 
municipal ROC or even ROCs from salty water such as brackish sources. Utilising the 
fed-batch H2O2 dosing mode avoided excess local H2O2 concentration resulting in less 
quenching of •OH by H2O2. However, the improvement was marginal with 2 h 
irradiation time because some of the remaining organics were resistant to the 
conditions used. Therefore, the fed-batch dosing mode may need further modification, 
e.g., adjusting the dosing and irradiation time, to produce notable benefits. 
 
The ROC was not toxic on the basis of Microtox tests before and after the UVC/H2O2 
and UVC/H2O2-BDOC treatment. However, the THMFP results indicate some risk of 
reusing the UVC/H2O2-BDOC treated ROC for some applications that may affect the 
health of humans. Therefore, more assessment is required to establish a more 
comprehensive understanding of the health risks and hazards before reusing the 
treated ROC. 
 
Energy assessment using EE/O indicated that the energy efficiency of the UVC/H2O2 
treatment was greatly enhanced (at least doubled) by coupling with biological 
treatment (as per BDOC test) for the WROC. The energy efficiency decreased rapidly 
after 30 min. This was accompanied by little improvement in final DOC removal. 
Therefore, an irradiation time of 30 min or less was suggested for the 
UVC/H2O2-BDOC treatment used in this study. A residual DOC of 10 mg/L (initial 25 
mg/L) was achievable by UVC/H2O2-BDOC treatment with an irradiation time of 30 
min. Preliminary calculation indicated that the UVC/H2O2 process followed by 
biological treatment has the potential to be an economically viable option for treating 
municipal ROC, encouraging further research for scaling up the process. With further 
131 
development and research, e.g., design of the lamp and reactor for large-scale 
processes, UV/H2O2 followed by biological treatment may eventually become a 
viable option for treating municipal ROC. 
 
6.2 Recommendations 
The present study demonstrated the potential of UV/H2O2 processes for treating the 
ROC produced from the municipal effluent. Optimisation of the process is important 
and should be a major task for future work. For example, the suggested UV exposure 
period (30 min) may be further reduced by using acidic conditions. In addition, it is 
worth trialling the combination of UV/H2O2 processes and BAC because BAC is 
more efficient than BDOC as a biological treatment (Buchanan, 2005). Last, but not 
least, the utilisation of some pre-treatment may be another approach to enhance the 
performance of UV/H2O2 processes. For example, Zhou et al. (2010) reported that 
UV-based AOP treatment of the municipal ROC performed better after coagulation 
with ferric chloride. 
 
There are increasing concerns regarding specific organic compounds such as PPCPs 
and EDCs due to their potential toxicity to the environment. Several studies (Benner 
et al., 2008; Westerhoff et al., 2009; Pérez et al., 2010) demonstrate that municipal 
ROC contains high levels of these compounds. With stricter regulation for wastewater 
discharge, these compounds are expected to be regulated in the future by the water 
authorities. Therefore, it would be useful to investigate the removal efficiency of these 
compounds by UV/H2O2 processes. 
 
The problems associated with scale-up of the process have yet to be investigated. 
Therefore, future work should consider investigating the effectiveness of the process 
at larger scale such as pilot-scale. 
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Appendixes 
 
Appendix 1. Estimation of Variation in BDOC Analyses 
The procedures for BDOC tests are presented in Section 3.4.3. Figure A-1 shows the 
determination of variation in the BDOC measurement by measuring the BDOC of 
WTP effluent. It was determined to be ± 1.2%. 
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Figure A-1. Estimation of the error in BDOC tests by triplicate analyses for 
WTP effluent. 
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Appendix 2. Validation of Use of Merckoquant® Strips 
The procedure for validating H2O2 measurement by Merckoquant® strips was 
described in Section 3.4.8. Figure A-2 presents the measurement results for H2O2 by 
test strips in MilliQ water and WROC4. 
 
Figure A-2. Validation of the measurement of H2O2 concentration by 
Merckoquant® peroxide test strip. 
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Appendix 3. Standard Curve for H2O2 Using DPD Method 
The method for determining H2O2 concentration is described in Section 3.5. The 
standards contained 0, 10, 25, 40 and 50 μM H2O2. The standard calibration curve 
shows the linear relationship between H2O2 concentration and absorbance of H2O2 
oxidised N,N-diethy-p-phenylenediamine at 551 nm. 
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Figure A-3. Standard calibration curve for H2O2 concentration determination by 
DPD method. 
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Appendix 4. Standard Curve for Methanol Determination by GC 
The standards contained 100, 200, 300, 400 and 500 mM methanol. The procedures 
for GC operation are presented in Section 3.6. The standard calibration curve shows 
the linear relationship between methanol concentration and the peak area. 
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Figure A-4. Standard calibration curve for methanol concentration 
determination by gas chromatography. 
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Appendix 5. UV Dose Delivered by UVC and VUV Lamps over Time 
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Figure A-5. The plot of UV dose delivered against irradiation time for UVC and 
VUV lamps. 
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Appendix 6. Effects of pH and Salinity on EEM spectra 
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Figure A-6a. The EEM volumes for the untreated WROC3 over the pH range 
from 4 to 10. 
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Figure A-6b. The EEM volumes for the untreated WROC3 at different salinity. 
 
